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Executive Summary
Background and Purpose
In the Upper Rio Grande Basin of Colorado and New Mexico, the water
management challenges posed by a highly variable and extremely limited water
supply have been exacerbated by prolonged drought. Water managers are asking
whether the hot and dry conditions experienced in the Upper Rio Grande Basin in
the past several years are related to climate change, and whether, as a result, water
management planning should incorporate the possibility of a hotter, drier, and
more variable future. The Bureau of Reclamation (Reclamation), with technical
assistance from the U.S. Army Corps of Engineers (USACE) and Sandia National
Laboratories conducted the Upper Rio Grande Impact Assessment (URGIA) as a
way to begin to answer such questions.
The Upper Rio Grande Impact Assessment (URGIA) is an activity of the WestWide Climate Risk Assessment (WWCRA), which is a component of the
Reclamation WaterSMART Basin Study Program. The Basin Study Program
is aimed at addressing section 9503 of the SECURE Water Act (SWA) and
Secretarial Orders 3289 and 3297, supporting the U.S. Department of the
Interior’s coordinated response to the hydrologic implications of a changing
climate. The SWA designates Reclamation to assess the risks to water supplies
and demands posed by climate change, including changes in snowpack, in timing
and quantity of runoff, in groundwater recharge and discharge as well as changes
in demands and consumptive usage within major Reclamation river basins in the
Western United States. Baseline analyses of these conditions are being performed
under the WWCRA Impact Assessments and are being expanded, in cooperation
with local water-management partners, through Basin Studies.

Objectives, Scope, and Uncertainty
The URGIA includes a detailed evaluation of the climate, hydrology, and water
operations of the Upper Rio Grande Basin of Colorado and New Mexico, along
with a quantitative evaluation of the potential impacts associated with climate
change on streamflow, water demand, and water operations in this basin.
The URGIA focuses on the Upper Rio Grande Basin, defined for this study as
the Rio Grande and its tributaries from the headwaters of the Rio Grande and
Rio Chama in Colorado to Caballo Reservoir in south central New Mexico
(locations are shown in Figure 1 in the main report). In this portion of the
Rio Grande Basin, snowmelt runoff is the major contributor to streamflow.

Reclamation, USACE, and
Sandia National Laboratories
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This Impact Assessment presents an overview of the current climate and
hydrology of the Upper Rio Grande, an analysis of observed trends in temperature
and precipitation over the past decade, and a comparison of these trends against
model projections. It also presents hydrologic projections developed from global
climate models, which have been used as input to a local operations model to
evaluate the ways that the projected climatic and hydrologic changes would
impact water availability and management within the Upper Rio Grande. Specific
risks to water supplies and demands posed by climate change, and evaluated in
this study, include changes in snowpack, timing and quantity of runoff,
groundwater recharge and discharge, as well as changes to evaporation,
transpiration, and other water demands. These risks are then evaluated in terms
of their potential impacts on key water operations and uses within the basin, as
required by the SWA, including:
•
•
•
•
•
•
•
•

Water and power infrastructure/operations
Water delivery
Flood control operations
Water quality
Fish and wildlife habitat
Endangered Species Act (ESA) listed species and critical habitat
Flow and water-dependent ecological resiliency
Recreation

This Impact Assessment purposefully assesses the potential impacts of climate
change alone and does not attempt to project what future development or
management actions may be, including how population may change, how power
generation may evolve, or how land use, including the amount and type of
irrigated agriculture, may change. While factors such as these will undoubtedly be
affected by climate change, they are also changing due to societal factors that are
independent of climate change. It is anticipated that this information will serve as
a foundation for future studies focused on developing strategies to adapt to and
mitigate climate change impacts.
The projections presented here are based on reasonable assumptions about our
future. Since we do not know how humans are going to behave, what energy
sources they will be using, or how much carbon dioxide they will emit into the
atmosphere, there is uncertainty associated with any projection of future climatic
changes. Furthermore, the hydrologic projections presented in the URGIA are
built upon a series of analytic steps: starting with Global Circulation Models
(GCM) runs at a global scale, with downscaling and bias correction to make the
results usable at a local level, followed by land surface modeling (rainfall-runoff)
at a basin scale, and finally operations modeling at the river network level. Each
of these steps represents a conceptual simplification of a complex physical system
that is imperfectly understood. In addition, statistical methods are employed to
connect the three different model types—and each statistical transformation of the
S-ii
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output increases the uncertainties associated with the model results. Still, the
projections of potential hydrologic impacts of climate change generated under the
URGIA are reasonable based on the information available to date, are consistent
with other projections developed for this basin, and provide a sound basis for
initial conceptualization of adaptation measures.

Observed Climate Trends
To assess the current rate of temperature and precipitation change in the Upper
Rio Grande and to evaluate how these rates of change compare to model
projections, temperature and precipitation data from 35 climate stations in the
U.S. Global Historical Climatology Network database were analyzed. Over the
period 1971 through 2011, average temperatures in the Upper Rio Grande Basin
rose at a rate of just under 0.7 degrees Fahrenheit (°F) per decade, a rate
approximately double the global rate of temperature rise (Rahmstorf et al. 2012).
Such rates of warming are unprecedented over the last 11,300 years (Marcott
et al. 2013). This rate of warming has the potential to cause significant
environmental harm and change the region’s hydrology.

Projected Trends in Climate, Hydrology, and
Water Demand
In future years, pronounced changes in climate are anticipated for the Upper Rio
Grande. The climate modeling used to support this study suggests that average
temperatures in the Upper Rio Grande Basin may rise by an additional 4 to 6 °F
by the end of the 21st century. These model simulations do not consistently
project changes in annual average precipitation in this basin, but they do project
changes to the magnitude, timing, and variability of inflows to the system. Such
precipitation changes, coupled with temperature-driven increases to evaporative
demands within the system, are expected to cause significant changes in the
available water supply and demand.
For this study, Reclamation developed projections of the hydrologic impacts of
these modeled climate changes for the Upper Rio Grande Basin over the rest of
this century. These projections present a picture of changing hydrology for
the Upper Rio Grande, with implications for water management, human
infrastructure, and ecosystems. Although there are uncertainties in the details,
some general patterns are clear. The list below discusses possible implications
of those general patterns.

Reclamation, USACE, and
Sandia National Laboratories
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•

Decreases in overall water availability. Supplies of all native sources to
the Rio Grande are projected to decrease on average by about one third,
while flows in the tributaries that supply the imported water of the
San Juan-Chama Project are projected to decrease on average by about
one quarter.

•

Changes in the timing of flows. The seasonality of flows is projected to
change. Anticipated changes include earlier snowmelt runoffs as well as
increased variability in the magnitude, timing, and spatial distribution
of streamflow and other hydrologic variables. Projections indicate
that this basin will experience a decrease in summertime flows and
less of a decrease (or potentially even an increase) in wintertime
flows.

•

Increases in the variability of flows. All simulations used in this study
project an increase in the month-to-month and inter-annual variability of
flows over the course of the century. The frequency, intensity, and
duration of both droughts and floods are projected to increase.

Water operations modeling for the Upper Rio Grande Basin using these
hydrologic projections as input suggests that increasing water demands within the
basin will exacerbate the gap between supply and demand. Such changes would
lead to water management challenges for Reclamation and other water managers
within the Upper Rio Grande Basin.

Impacts on Water Management
The decreases in supply, changes in magnitude and seasonality of flows, and
increases in the availability of water supply projected in this study will present
considerable challenges for water management within the Upper Rio Grande
Basin. Such challenges are evaluated in this URGIA in terms of the parameters
defined in the Secure Water Act (SWA), including:
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•

Water Infrastructure and Operations, and Water Delivery. The
reduced surface-water inflows to the Upper Rio Grande Basin,
coupled with increases in the demand for irrigated agricultural and
riparian vegetation, are projected to result in decreased reservoir
storage throughout the system, with commensurate impacts on water
delivery.

•

Hydropower Generation. Lower flows and lower reservoir levels
associated with climate change are projected to lead to less hydropower
generation. The projected decrease is substantial, from an initial
generation within the Upper Rio Grande system of around 15 megawatts,
Reclamation, USACE, and
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the rate drops almost 50 percent to around 8 megawatts by the end of the
21st century, with most of the decrease coming during the months of May
through September.
•

Flood Control Operations. Floods are projected to become more extreme
with climate change, and thus flood control operations would be needed
more often in the future, even as overall supplies decrease.

•

Water Quality. Concentrations of nitrogen, phosphorus, suspended
solids, and salt may increase in the future in response to increased
evaporation rates for surface water and increased precipitation intensity,
which would wash a greater volume of pollutants into the river, despite a
decreased overall flow volume.

•

Fish and Wildlife Habitat, Including Endangered Species Act (ESA)
Listed Species and Critical Habitat. Climate change is projected to
reduce available water in the Upper Rio Grande system. This reduction in
water is expected to make environmental flows in the river more difficult
to maintain, and reduce the shallow groundwater available to riparian
vegetation. Both of these impacts have implications for the habitat of fish
and wildlife in the Upper Rio Grande Basin riparian ecosystems.

•

Flow and Water-Dependent Ecological Resiliency. Ecological and
human systems within the basin already operate close to thresholds
(i.e., points at which small changes could have larger-scale repercussions)
related to available water supply. It is possible that some systems in the
basin have already crossed ecological thresholds. In the future, as
projected water supplies decrease and demands increase, water availability
thresholds may be crossed—causing additional key systems to undergo
regime shifts.

•

Recreation. The availability of water-based recreation at Reclamation and
USACE reservoirs and river-based recreation, including whitewater
rafting and fishing, may be negatively impacted by the projected decreases
in flows. Moreover, increased temperatures may increase the usage of
available water-based recreational opportunities.

•

The Rio Grande Compact. Analyses presented in this report assume that
Colorado would use its ability for priority administration to assure its
obligations are met under the Rio Grande Compact. The analyses assume
that New Mexico would take additional management actions to meet its
obligations under the Rio Grande Compact, although in this study,
Reclamation makes no assumptions about what those management actions
would be. The irrigation system would be significantly impacted.

Reclamation, USACE, and
Sandia National Laboratories
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Summary of Impacts for Water Management
The projections presented in the Upper Rio Grande Impact Assessment present a
picture of changing hydrology for the Upper Rio Grande, with implications for
water management, human infrastructure, and ecosystems. Although there are
uncertainties in the details, some general patterns are clear. This section
summarizes possible implications of those general patterns.
First, our usable, manageable water supply is projected to decline. We anticipate a
loss of winter snowpack, which will result in a decrease in water supply, as well
as a decrease in our ability to store the water supply that we do have for use
during the summer irrigation season. There will also be an increase in all outside
demands (including agricultural, riparian, and urban landscaping) due solely to
the projected increases in temperature. The decrease in water supply will be
exacerbated by the increase in demand; the gap between supply and demand will
grow even if there are no decreases in average annual precipitation.
The growing imbalance between supply and demand will likely lead to a greater
reliance on non-renewable groundwater resources. Increased reliance on
groundwater resources will lead to greater losses from the river into the
groundwater system.
Further, the water supply to the Upper Rio Grande will be subject to increased
variability and uncertainty. We are already experiencing increases in extreme
temperatures. Looking ahead, we anticipate greater year-to-year variability in all
aspects of our climate and hydrology.
There will also be changes in the geographic distribution and timing of runoff.
Although the projections here do not portray it, other studies (e.g., Asmerom et al.
2013) have indicated some potential for strengthening of the summer monsoons,
with corresponding increases in the portion of the basin’s precipitation that falls
downstream of our current water storage infrastructure. The projections suggest a
somewhat more reliable supply from the San Juan-Chama Project than for the
native Rio Grande supply (as long as there is no across-the-board decrease in
available supply in the Upper Colorado River system). A greater reliability of the
imported water supply than the native supply, which has the most senior users,
could have significant socio-economic implications.
Feedbacks can lead to cascading impacts. For example, more intense droughts and
higher temperatures lead to a greater moisture deficit in the region’s forests. Trees
that aren’t getting enough water are more susceptible to beetle infestations, and
infected weakened and dead trees are more susceptible to catastrophic wildfires.
Thunderstorms tend to build over fire scars because heat builds up over the
blackened ground, and intense thunderstorms on the fire scars lead to the washing
of ash into rivers, and to debris flows. Ash in the rivers can lead to decreased
S-vi
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oxygen in the water and cause fish kills. Debris flows can lead to sediment
accumulation in our reservoirs, and sediment accumulation in our reservoirs can
lead to less flood protection for downstream human infrastructure, and so on.
And finally, all of the changes in our water supply that are projected to result from
climate change would be compounded by the numerous other changes we have
made to our landscape and our water supply and distribution. The analysis
presented in this report attempts to project the impacts of climate change only on
the water supply and demand within the Upper Rio Grande Basin, rather than
predict what the future would look like in this basin. The future will depend on
numerous societal choices.

Next Steps
The projections and analysis presented in this report represent a solid first step in
the assessment of potential impacts in the Upper Rio Grande Basin, based on the
best science and tools available at the time of initiation of the study. However,
methods and tools for projecting the impacts of climate change are constantly
being developed and refined. Efforts are currently underway to perform
operational modeling of climate projections for the Upper Rio Grande Basin on
a daily timestep for information on the ways that the projected impacts would be
experienced by humans, fish, and wildlife. We also hope to perform further
analyses using more recently developed simulations with models with finer
resolutions.
Some WaterSMART Basin Study Program activities are available for
stakeholders to pursue next steps, including:
•

Basin studies to conduct in-depth water supply, demand, and operations
analyses that are cost-shared with stakeholders and selected through a
competitive process.

•

Landscape Conservation Cooperatives to partner with other
governmental and nongovernmental entities to identify, build capacity for,
and implement shared applied science activities to support resource
management at the landscape scale.

Reclamation is adding new activities to the Basin Studies Program that will
provide stakeholders more opportunities to further refine adaptation strategies
developed in Basin Studies.

Reclamation, USACE, and
Sandia National Laboratories
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1.

Study Introduction

1.1 Background and Purpose
In the Upper Rio Grande Basin of Colorado and New Mexico, the water
management challenges posed by a highly variable and extremely limited water
supply have been exacerbated by prolonged drought. Water managers are asking
whether the hot and dry conditions experienced in the Upper Rio Grande Basin in
the past several years are related to climate change, and whether, as a result, water
management planning should incorporate the possibility of a hotter, drier, and
more variable future. The Bureau of Reclamation (Reclamation), with technical
assistance from the U.S. Army Corps of Engineers (USACE) and Sandia National
Laboratories conducted the Upper Rio Grande Impact Assessment (URGIA) as a
way to begin to answer such questions.
The evaluation of current trends included in this study documents temperature
trends in the Upper Rio Grande Basin over the past 4 decades (the most recent
decade in comparison to the previous 30-year climatic averaging period). This
analysis shows average temperatures in the basin increasing by just under
0.7 degrees Fahrenheit (°F) per decade, for a total average warming since 1971
of over 2.5 °F. The climate modeling used to develop the hydrologic projections
presented in this study suggests that temperatures in the Upper Rio Grande Basin
may rise by an additional four to six °F by the end of the 21st century. These
model simulations do not consistently project changes in precipitation in this
basin, but the projected increases in temperature alone could significantly
decrease the available water in the basin, due to increases in evaporation and
water use by plants (transpiration).
Reclamation has developed projections of the hydrologic impacts of climate
change for the Upper Rio Grande Basin over the next century, based on modeled
climate projections. These hydrologic projections indicate that the basin will
experience changes in the timing of flows, increases in the variability of flows,
and decreases in overall water availability. Supplies of all native sources to the
Rio Grande are projected to decrease on average by about one third, while flows
in the tributaries that supply the imported water of the San Juan-Chama Project
are projected to decrease on average by about one quarter. In all cases, the
projections show an increase in variability of both monthly and annual flows over
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the course of the century. The seasonality of flows is also projected to change in
the Colorado headwaters, the Chama and Jemez basins, and the San Juan-Chama
Project tributaries.
Water operations modeling for the Upper Rio Grande Basin using these
hydrologic projections as input suggests that increasing water demands within the
basin would exacerbate the gap between supply and demand. Such changes would
lead to water management challenges for Reclamation and other water managers
within the Upper Rio Grande.
Results from the URGIA will provide important information to the water
management community in the Upper Rio Grande Basin of the scale of the
challenges that climate change is likely to pose in this basin and will stimulate
dialogue among stakeholders to support general planning of adaptation actions.
Information from the URGIA will also support Reclamation’s efforts to
incorporate climate-change projection into its planning for infrastructure
improvements or modifications of aging infrastructure in ways that result in longterm resilience—rather than short-term fixes that can ultimately be counterproductive to climate adaptation. Thus, this information will benefit stakeholders
who rely on Reclamation infrastructure. Study results can also be used to support
comprehensive drought resilience planning with Reclamations stakeholders, as
well as environmental compliance efforts under the National Environmental
Policy Act and the Endangered Species Act.
This work is intended to be a first step in a continuing process to characterize the
future climate and hydrology in the Upper Rio Grande Basin, which we anticipate
will be refined many times over the years, as tools are improved and more
information becomes available. Although considerable uncertainty remains
regarding the future hydrology of the basin, the URGIA provides a reasonable
foundation for State, regional, Tribal and local entities to partner with the Federal
government to begin the process of developing strategies for adapting to and
mitigating the hydrologic impacts of climate change with the basin.

1.2 Objectives and Scope
The URGIA includes a detailed evaluation of the past and potential future
climate, hydrology, and water operations of the Upper Rio Grande Basin, one of
the major Reclamation river basins identified for such evaluation in the SWA.
The URGIA presents a quantitative evaluation of the potential impacts associated
with climate change on streamflow, water demand, and water operations in this
basin. As required by the SWA, specific risks to water supplies and demands
posed by climate change are evaluated in this study, including changes in:
snowpack, timing and quantity of runoff, and groundwater recharge and
discharge, as well as changes to evaporation, transpiration, and other water
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demands. These risks are then evaluated in terms of their potential impacts on key
water operations, conditions, and uses within the basin that are related to
Reclamation’s activities, including:
•
•
•
•
•
•
•
•

Water and power infrastructure/operations
Water delivery
Flood control operations
Water quality
Fish and wildlife habitat
Endangered Species Act (ESA) listed species and critical habitat
Flow and water-dependent ecological resiliency
Recreation

This information is intended to serve as a foundation for future studies, jointly
conducted by Reclamation and local water-management partners, and focused on
adaptation and mitigation strategies.
The URGIA focuses on the Upper Rio Grande Basin, defined for purposes of this
study as the Rio Grande and its tributaries from the headwaters in Colorado to
Caballo Reservoir in south central New Mexico (see Section 2.1). In this portion
of the Rio Grande Basin, snowmelt runoff is the major contributor to streamflow.
The URGIA relies on climatic, hydrologic, and water -operations modeling to
develop projections of the potential hydrologic impacts of climate change in this
basin and assess the impacts to streamflow, water availability, reservoir
operations, and water demands for irrigated agriculture and other uses.
In the URGIA, we:
•

Present an overview of the current climate and hydrology of the Upper
Rio Grande.

•

Analyze observed trends in temperature and precipitation over the past
decade.

•

Compare these trends against model projections.

•

Develop climate projections for the Upper Rio Grande Basin from global
climate models referred to as General Circulation Models (GCMs).

•

Bias-correct and spatially downscale the climate projections and use the
resulting local climate projections as input to a hydrologic model, which
develops hydrologic projections associated with the climate projections.
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•

Bias correct the hydrologic projections, and use them as input to a local
operations model to evaluate the ways that the projected climatic and
hydrologic changes would impact water availability and management
within the Upper Rio Grande under current development conditions.

The URGIA assesses the potential impacts of climate change alone and does not
attempt to project what future development or management actions may be,
including how population may change, how power generation may evolve, or how
land use (including the amount and type of irrigated agriculture) may change.
While factors such as these will undoubtedly be affected by climate change, they
are also changing due to societal factors and management actions that are
independent of climate change. Reclamation does not presume to know what
management actions will be taken by other entities operating in the Upper Rio
Grande Basin. For these reasons, the projections presented in the URGIA should
be considered as projections of the hydrologic impacts of climate change and not
predictions of the future in the Upper Rio Grande Basin.
Reclamation hopes to collaborate with local water-management partners in one or
more Basin Studies to evaluate the projected changes in light of potential future
development and management changes. Under Basin Studies, which are awarded
in a competitive process and initiated by local partners, the study teams typically
incorporate management and development scenarios into the planning process for
adaptation and mitigation activities that address the projected impacts of climate
change and build resilience in social and ecological systems.

1.3 Document Organization
This report begins with a discussion of the purpose, basis, and authorizations for
this Impact Assessment. Next it provides a description of the basin, which
provides the context for the study, followed by analysis methods, and then study
results. The following list breaks down which information is presented in each
chapter of this report.

4

•

Chapter 1 introduces the URGIA and describes the motivations for this
work, the objectives and scope, and the programs supporting the study.

•

Chapter 2 provides context for the study, presenting the historical climate
and hydrology of the basin.

•

Chapter 3 presents the methods used for the analysis of current trends in
climate and hydrology in the basin as well as the use of climate,
hydrologic, and operations models to develop projections of what the
climate and hydrology are likely to look like over the next century.
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•

Chapter 4 describes impacts to climate, hydrology, and water supply and
demand.

•

Chapter 5 describes impacts to water management, including: water and
power infrastructure/operations, water delivery, flood control operations,
water quality, fish and wildlife habitat, critical habitat for species listed
under the Federal ESA, flow and water-dependent ecological resiliency,
and water-related recreation.

•

Chapter 6 summarizes these impacts and provides a description of the next
steps for Reclamation in its efforts to characterize the hydrologic impacts
of climate change, as well as ways that local water-management entities
might get involved in this effort. Technical details of the system and its
operation, the modeling efforts undertaken and tools used to develop the
hydrologic projections presented here.

•

Appendices A through E present technical details of the system and its
operation, the modeling efforts undertaken and tools used to develop the
hydrologic projections presented here, and the modeling results.

1.4 Reclamation Programs Supporting this Study
Water issues and challenges are increasing across the Nation. Such concerns
motivated Congress to pass the SECURE Water Act ([SWA]; Subtitle F of
P.L. 111-11,) in 2009. The SWA authorizes Reclamation to implement a program
to assess the risks and impacts of climate change across major Reclamation river
basins in the Western United States.
A key component of Reclamation’s implementation of the SWA is the Basin
Studies Program. Reclamation’s Basin Study Program is managed under the
Department of Interior’s WaterSMART (Sustain and Manage America’s
Resources for Tomorrow) Program, which is working to achieve a sustainable
water strategy to meet the Nation’s water needs now and for the future. To learn
more about WaterSMART, please visit <http://www.usbr.gov/WaterSMART/>.
The URGIA is an activity of the West Wide Climate Risk Assessment
(WWCRA), which is a component of Reclamation’s Basin Study Program. The
WWCRA represents Reclamation’s reconnaissance-level assessment of the
hydrologic impacts of climate change, including risks to water supplies and
demands. The WWCRA includes three separate activities:
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1) Consistent, west-wide assessment of climate-change impacts to water
supplies
2) Consistent, west-wide assessment of climate-change impacts to water
demands
3) Impact assessments for individual basins or sub-basins
Individual basin Impact Assessments, such as the URGIA, address the potential
risks of climate change to Reclamation facilities and operations, including water
and power delivery, recreation, flood control, and ecological resources. These
Impact Assessments are conducted to provide:
•

A baseline analysis of climate change impacts that can be used to support
future Basin Studies, in cooperation with local partners, in which impacts
to multiple water uses are evaluated, and potential adaptation and
mitigation strategies are developed and assessed.

•

A more in-depth analysis of climate-change impacts as they relate to
Reclamation facilities and operations.

Because the WWCRA Impact Assessments emphasize impacts to Reclamation
facilities and operations, and because they are not focused on the development of
adaptation strategies, they are conducted by Reclamation alone and are not costshared with non-Federal partners. This allows Reclamation to develop consistent
baseline information in a time frame consistent with the reporting requirements
of SWA 9503(c). Results from all three WWCRA activities contribute to
Reclamations SECURE Reports to Congress every five years.

1.5 U.S. Army Corps of Engineers Programs
Supporting this Study
The USACE has primary responsibility for flood control on the Upper Rio Grande
under the 1948 Flood Control Act. In addition, USACE also has ecosystem
restoration and recreation responsibilities in the Upper Rio Grande and plays an
important role in regional water operations. Climate change is likely to impact all
USACE business lines in the region directly and indirectly through hydrologic
changes.
Under Executive Order 13514, USACE and other Federal agencies are required to
evaluate the risk and vulnerabilities to climate change on all projects and mission
areas over both the short and long term. This is also stipulated in USACE policy
(Darcy 2010). USACE is specifically authorized to collaborate in the management
of freshwater resources in response to a changing climate under the Interagency
6
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Climate Change Adaptation Task Force National Action Plan (Interagency
Climate Change Adaptation Task Force, 2011). USACE, Albuquerque District’s
participation constitutes an important step in fulfilling this guidance at the District
level. Information gained in this study will enable USACE to better assist local,
Tribal, and State governments to adapt to a changing climate its impacts on
streamflow, habitats, and flood risk management on the Rio Grande and its
tributaries.
Participation in this study by USACE, Albuquerque District, is supported by the
USACE Institute for Water Resources Response to Climate Change Program, the
Middle Rio Grande Endangered Species Collaborative Program (USACE funding
authority), the USACE Albuquerque District Flood Risk Management Program
and the USACE Albuquerque District Reservoir Operations Branch.
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2.

Location and Background

2.1 Basin Description
The Rio Grande Basin is located in the Southwestern United States, and runs
through a semi-arid region along the western edge of the Great Plains (Figure 1).
From its headwaters in the San Juan Mountains of Southern Colorado, the Rio
Grande flows southward through New Mexico, and then southeastward as it forms
the international boundary between Texas and Mexico, before ultimately flowing
into the Gulf of Mexico. For this analysis, the “Upper Rio Grande” Basin
encompasses the headwaters of the Rio Grande in Colorado to the Caballo
Reservoir in south central New Mexico.
The Rio Grande is one of the longest rivers in the United States, with a total
river length of 1,896 miles (3,051 kilometers [km]) and a drainage area of
approximately 182,200 square miles (472,000 km2 ). Basin topography varies from
the mountains and gorges of the headwaters to the bosque (riparian forest) and
high desert of central New Mexico, to deserts and subtropical terrain along the
boundary between Texas and Mexico. The Rio Grande serves as the primary
source of water for agriculture throughout the Rio Grande Valley, as well as for
municipal use by the major municipalities along the river corridor (including the
cities of Albuquerque and Las Cruces, New Mexico; El Paso, Texas; and Cuidad
Juarez, Mexico), and environmental and recreational uses in the states of
Colorado, New Mexico, and Texas, as well as in Mexico. Appendix A presents a
summary of the Upper Rio Grande system, water operations and uses, and
infrastructure.
Topographic diversity is a key factor as this region encompasses the headwaters
of the Rio Grande in the San Juan and Sangre de Cristo Mountains of Colorado,
both with peaks exceeding 14,000 feet above mean seal level; the Tusas and
Jemez Mountains of New Mexico, with peaks rising above 11,000 feet above
mean sea level; the Rio Grande Rift extending from the San Luis Valley of
southern Colorado past the southern boundary of the study area at Caballo Dam
at just over 4,000 feet above mean sea level; and areas to the west and east of the
central valley that are nonetheless part of the drainage basin.
The river also supports unique fisheries and riparian ecosystems along much of
its length. The basin is home to one of the largest remaining stretches of riparian
cottonwood forest in the Western United States (the bosque of Central
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Figure 1.—Map of Upper Rio Grande Basin with all features.

10

Reclamation, USACE, and
Sandia National Laboratories

Technical Memorandum
West-Wide Climate Risk Assessment: Upper Rio Grande Impact Assessment

New Mexico) and includes critical habitat for the federally-endangered
Southwestern Willow Flycatcher (Empidonax traillii extimus) and Rio Grande
silvery minnow (Hybognathus amarus).

2.2 Surface-Water Flows
Inflows from two primary native sources and one imported source of water join to
form the Upper Rio Grande. The inflows originate primarily from snowmelt
runoff, local precipitation from summer monsoons, direct groundwater inflow,
and return flows of groundwater from municipalities. These sources combine to
provide a limited and highly variable supply of water to the region.
2.2.1 Native Inflow
The native sources of inflow to the Upper Rio Grande Basin have, for purposes of
this study, been divided into the following categories:
•

Colorado headwater inflows to the mainstem of the Rio Grande come
from the southern Rocky Mountains and the San Luis Valley of
southwestern Colorado. These flows account for sixty to sixty-five percent
of the native inflow to the basin.

•

The Rio Chama, including its tributary the Ojo Caliente, and the
Rio Jemez, formed by the confluence of the East Fork Jemez River and
San Antonio Creek in New Mexico, are the two major tributaries that
account for about 25 percent of the flows in the basin.

•

New Mexico minor tributary inflows. These flows account for 10 to
15 percent of flows in the basin.

Additional flows, contributed to the Rio Grande from tributary inflows within
New Mexico (the major and minor tributaries identified in this study, except the
Chama) especially as a result of precipitation associated with the summer
monsoon, and from groundwater, were estimated in 2000 to be approximately
180,000 acre-feet per year (S.S. Papadopulos & Associates 2000).
Surface water is measured by gauges as shown in Figure 2 and Figure 3.
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Figure 2.—Colorado gage locations.
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Figure 3.—New Mexico gage locations.
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2.2.1.1
Imported Water
The imported water comes from Reclamation’s San Juan-Chama Project, which
constitutes a portion of New Mexico’s allocation under the 1922 Colorado River
Compact. The influx of San Juan-Chama Project water into the Rio Grande Basin
was authorized by Congress in 1962 (Public Law 87-483), as an amendment to
the Colorado River Storage Project Act of 1956 (Public Law 84-485) to allow
diversion of a portion of New Mexico’s allocation of Colorado River Basin water
into the Rio Grande Basin of New Mexico.
This water flows from tributaries to the San Juan River in Colorado, and has
historically provided a firm yield of 96,200 acre-feet per year. The entire amount
imported from the San Juan system must be consumed upstream of Elephant
Butte Reservoir, as defined under the Rio Grande Compact (Colorado et al. 1938).
Reclamation maintains this water in a project pool at Heron Reservoir (Heron
Dam, New Mexico), and allocates the water to contractors on January 1 of each
year. The amount allocated at that time depends on the available supply in Heron
Reservoir. Through 2013, Reclamation has had sufficient water in the project to
provide the contractors with the full firm yield each year, although in 2013,
allocation of a full supply required a secondary allocation in July. However, as the
current drought continues, Reclamation may not be able to provide the full firm
yield over the next several years.
2.2.2 Flow Distribution and Timing
Snowmelt processes result in streamflows from the mainstem Rio Grande, and, to
a lesser degree, from the Rio Chama that peak in the late spring and early summer
and diminish rapidly by mid-summer. Peak snowmelt runoff from the Rio Chama
typically arrives earlier than runoff from the mainstem of the Rio Grande and is
smaller in magnitude. Local precipitation primarily occurs in the summertime.
Thunderstorms that characterize the region’s summer monsoons feed the
Rio Grande directly. These monsoons can produce additional peak flows in the
river. However, these flows are usually smaller in volume than the snowmelt
peaks and also of much shorter duration. While the peak runoff period typically
occurs from April through June, the highest evapotranspiration and irrigation
demands along the Rio Grande occur from June through mid-September.
Figure 4 depicts the average distribution in time of native flows over the last
century at several gages in the Upper Rio Grande and its tributaries. This figure
shows that about 60 percent of the natural runoff volume measured at the
mainstem gage “Rio Grande at Otowi Bridge” (Gage # 08313000), as indicated
by the Otowi Index Supply, occurs during April, May, and June and represents
snowmelt runoff. Similarly, along the Rio Chama, about 80 percent of the

14

Reclamation, USACE, and
Sandia National Laboratories

Technical Memorandum
West-Wide Climate Risk Assessment: Upper Rio Grande Impact Assessment

Figure 4.—Average monthly distribution of native runoff at a selection of Upper
Rio Grande gages.

natural annual flow occurs during April, May, and June and is attributable to
snowmelt runoff in that drainage. In contrast, the Rio Puerco, which originates
in western New Mexico and primarily drains non-mountainous areas,
received minimal snowmelt runoff. Nearly 80 percent of the recorded annual
flow in the Rio Puerco occurs between July 1 and October 31, with nearly
40 percent occurring during August alone (USACE et al. 2007). These flows are
primarily attributable to summer thunderstorms associated with the summer
monsoon.
A key characteristic of the Rio Grande system is the order-of-magnitude
variability of streamflow from year to year. Unregulated annual streamflow
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volumes at the upstream-most Rio Grande streamflow gage near Del Norte,
Colorado, vary from less than 100,000 acre-feet up to well over 1,000,000 acrefeet. This high variability is evident in Figure 5, which depicts nearly five
centuries of Rio Grande streamflow near Del Norte, Colorado, reconstructed from
tree-ring analysis. The series of wet years from the mid-1980s through the 1990s
register as one of the five wettest periods in this 500-year period.

Figure 5.—Long-run (1536-1999) tree-ring reconstructed streamflow of the
Rio Grande near del Norte (based on Woodhouse 2012).

Figure 6 shows a summary plot of the Otowi natural flow reconstruction
distributed for annual flows in each century shows the median, 25th and
75th percentiles and the relatively extreme variability at the 5th and 95th
percentiles. The plot shows that, on average, the 1900s have been slightly less
variable and wetter than the previous four centuries (Lukas 2008). This suggests
that annual flows measured in the 20th century may not be good indicators of the
full range of historic variability.
Droughts, defined as a year or more with annual flows less than the long-term
median (<1,800,000 acre-feet unregulated flow at the Otowi Gage), are
common in the historical record, with several long-duration droughts lasting
longer than 20 years. The 20th century record (1900 through 2000) includes
only one period with a long-duration drought, which lasted 16 years. An
additional long-duration drought straddled the two centuries, extending from
1996 to 2013.
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Figure 6.—A box and whisker plot of the Otowi natural flow reconstruction
distributed for annual flows in each century (Lukas 2008).

2.3 Groundwater Supply
Since around 1940, groundwater development has exploded in the Upper
Rio Grande Basin, primarily to support municipal and industrial development, but
also to supplement irrigation and for domestic use. Groundwater use now exceeds
170,000 acre-feet per year in the Albuquerque Area and has caused ground-water
level declines of up to 160 feet in some locations (McAda and Barroll 2002).
Although these declines are not large relative to the thickness of the aquifer,
which is several thousand feet, they represent the removal of the highest quality
water, since the salinity of the aquifer increases with depth. This removal of water
from the groundwater system induces flow from the river to the groundwater
system, which causes decreases in river flows.
The impacts of groundwater pumping on flows in the river have historically been
offset through the retirement of surface-water rights, primarily from agriculture,
and through contracting of San Juan-Chama Project water, and provision of the
resulting “offset” water to irrigators in the summertime and to Elephant Butte
deliveries in the wintertime. However, these measures have not mitigated the
considerable impact groundwater pumping has had on the continuity of river
flows. In 1956, the New Mexico State Engineer estimated that the Rio Grande
between the Colorado state line and the mouth of the Red River in Texas gained
93,000 acre-feet per year (Jones, 2002). But by 2002, the Middle Rio Grande
alone was estimated to lose 95,000 (Brekke et al. 2009 and Jones 2002) acre-feet
per year.
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2.4 Basin Development History
Largely due to the limited water supply and the highly variable streamflows in the
Rio Grande, humans have modified the Rio Grande system over time to protect
themselves from floods and to maximize their beneficial use of water. Humans
have used the flows of the Rio Grande for thousands of years. Pueblo oral
histories convey, and the archaeological record shows, that Pueblo peoples had
developed systems of irrigated agriculture long before the coming of Europeans.
Beginning with the reestablishment (after the Pueblo revolt) of Spanish settlement
in the late 17th century, expanded irrigation activities began to affect the flows in
the Rio Grande system. The subsequent agricultural practices and administration
of the river, as well as the intensive use of non-irrigated lands within the
Rio Grande Basin, during the Spanish, Mexican, and American periods brought
about changes to the shape and behavior of the river’s flows through time (i.e., the
hydrograph), the distribution of flows in time through that river, and the habitat of
the species that depend on that river for life. The greatest of these changes, by far,
have been made over the past century.
From the 1930s through the present, dam and levee construction, construction of
irrigation and drain system, changing land use patterns, and river channelization,
as well as ground-water pumping, has significantly altered flows in the
Rio Grande and the relationship between surface water and ground water
throughout the Upper Rio Grande. Operation of flood control and water storage
dams alters the shape of the hydrograph, as well as the amount of water that is
conveyed through the river. The alterations of the hydrograph have allowed the
maintenance of a continuous riparian corridor, which was not present historically,
and which is hospitable to non-native riparian species including tamarisk (salt
cedar) and Russian Olive. This riparian system is encroaching on the river and
causing further channel narrowing (Scurlock 1998, Lagasse 1980, and Makar
et al. 2006).
Nine dams (Platoro, El Vado, Abiquiu, Nambe Falls, Cochiti, Galisteo, Jemez
Canyon, Elephant Butte, and Caballo) plus three cross-river diversion structures
and minor diversions between Embudo and Abiquiu reservoirs have been
constructed on the Upper Rio Grande or its tributaries over the past century by the
USACE, Reclamation, the Middle Rio Grande Conservancy District (MRGCD),
and in cooperation with other non-Federal partners (see Figure 7 for locations of
these dams). These dams and diversion structures affect the flow and sediment
distribution along the river. They alter flows by storing and releasing water in a
manner that generally decreases flood peaks and alters the distribution in time of
the flows. The major dams also trap significant amounts of sediment, causing
buildup and increases in channel elevation upstream, and riverbed degradation
(lowering of the riverbed) and coarsening of riverbed sediment in the reaches
below the dams.
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Figure 7.—Dams and diversion dams in the Upper Rio Grande Basin.
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3.

Assessment Approach and Sources of
Uncertainty

To evaluate the ways that climate change would impact water availability and
management within the Upper Rio Grande, the URGIA:
•

Presents an overview of the current climate and hydrology of the Upper
Rio Grande, an analysis of observed trends in temperature and
precipitation over the past decade, and a comparison of these trends
against model simulations for the same period.

•

Compares observed trends in temperature and precipitation over the past
decade with trends in temperature and precipitation from model
projections.

•

Develops projections of the impacts of climate change on water supply
and demand through 2100, according to the procedure shown in Figure 8:
o Downscale temperature and precipitation projections from global
climate models to a spatial scale relevant for regional planning.
o Performs hydrologic modeling to develop specific projections of
streamflow within this basin.
o Uses these streamflow projections to simulate future operations
of Reclamation projects and related Federal and non-Federal
activities and infrastructure in the basin with the available water
supplies and anticipated demands to develop a picture of future
changes in water supply and demand that can be expected as a
result of climate change alone.

•

Uses projections of temperature and precipitation from GCMs in
combination with observed data and hydrologic projections generated
from future climate projections as inputs to a local monthly operations
model, the Upper Rio Grande Simulation Model (URGSiM).

Details describing the methods employed in each of these steps are provided in
Appendix D. A general description of the process used to develop climate-change
projections is presented in this section.
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Figure 8.—Modeling and analytical steps involved in the development of local
hydrologic projections.

3.1 Analysis of Recent Trends in Climate
Mountain climates are complex and vary over short distances due to aspect and
relief, which influence temperature and precipitation via cold air drainage, down
and up-canyon winds, variation in the duration of direct versus indirect insolation,
vegetation cover, duration of snow cover, and other factors (Beniston 2006 and
Barry 2008). Changes at individual stations may differ from regional climate
trends (Pepin et al. 2005) in ways that are strongly influenced by landscape
position, topography, and elevation (Lundquist and Cayan 2007). For example,
valley floors may lag regional warming, particularly in winter months, due to the
increasing frequency and severity of temperature inversions under more stable
conditions (Daly et al. 2010 and Seth et al. 2011). Because of these complexities,
some locations in each data set exhibited trends counter to the remainder of the
sites, and these data may reflect real, but local climate differences. They may also
reflect changes to station equipment, setup and location, although most of the data
records have been adjusted to account for such factors.
Trend analysis was conducted using temperature and precipitation data obtained
from the National Climate Data Center (NCDC) representing observations from:
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•

Thirteen (13) USDA Natural Resources Conservation SNOTEL
(snowpack telemetry) stations with periods of record 1989-2012 for high
elevation sites in the Jemez, Tusas, Sangre de Cristo, and San Juan
Mountains.

•

Twelve (12) National Oceanic and Atmospheric Administration (NOAA)
Cooperative Observer Network (COOP) stations with periods of record
covering 1971 through 2012 for low elevation agricultural and nonagricultural areas in the state.

•

Eleven (11) NOAA National Weather Service Historical Climatology
Network 2 (HCN) data a mix of high and low elevation areas in the state.

Stations were grouped into physiographic regions for analysis:
•

Mountainous areas included the San Juan, Sangre de Cristo, Tusas, and
Jemez Mountains, with sites generally at or above 7,500 feet above mean
sea level (msl). Seventeen (17) sites fall into this category.

•

Valley areas included the San Luis Valley, the Rio Chama and Jemez
River valleys, the Middle Rio Grande below Cochiti Dam, and areas
within the watershed that lie east of the Manzano and Sandia Mountains
(Plains). Nineteen (19) sites fall into this category.

Statistical methods used to evaluate these trends are described in Appendix C.

3.2 General Description of Climate Change
Projections
Evaluation of the long-term availability of water supplies typically involves a
combination of approaches that characterize both past and projected climate and
climatic variability. These approaches may include use of paleo-climatic and
paleo-hydrologic indicators (e.g., tree rings, pollen, ice cores, ocean and lake
sediments, stable and radioisotopes) that capture the natural climate variability
over thousands of years—which may exceed the range of variability found in the
instrumental record. This information is evaluated statistically to characterize the
uncertainties in climatic conditions. Projections of future climate changes are
usually developed through the use of GCMs, which have been steadily increasing
in sophistication and complexity over the past several decades.
3.2.1 Projections and Emissions Scenarios
The World Climate Research Programme (WCRP) Coupled Model Intercomparison Project Phase 3 (CMIP3) (Meehl et al. 2007) produced multiple
Reclamation, USACE, and
Sandia National Laboratories

23

Technical Memorandum
West-Wide Climate Risk Assessment: Upper Rio Grande Impact Assessment

climate projections for the Intergovernmental Panel on Climate Change (IPCC)
Fourth Assessment Report (IPCC 2007). These climate projections are based on
an assemblage of GCM simulations of coupled atmospheric and ocean conditions,
with a variety of initial conditions of global ocean-atmosphere system, and four
distinct “storylines” or “scenarios” about how future demographics, technology
and socioeconomic conditions might affect the emissions of greenhouse gases.
These are more fully described in the IPCC Special Report on Emissions
Scenarios (IPCC 2000), which states that the emission scenarios are potential
futures based on assumptions of global economic activity and growth, as shown in
Figure 9, Panel A. The IPCC (2007 [Summary]) explains: “They cover a wide
range of key “future” characteristics such as demographic change, economic
development, and technological change. For this reason, their plausibility or
feasibility should not be considered solely on the basis of an extrapolation of
current economic, technological, and social trends” (page 4). The four families of
emission scenarios are:
•

A2 (high emissions). The A2 storyline and scenario family describes a
very heterogeneous world. Economic development is primarily regionally
oriented, and per capita economic growth and technological changes are
more fragmented and slower than in other storylines.

•

A1B (moderate emissions). The A1 storyline and scenario family
describes a future world of very rapid economic growth, global
population that peaks in mid-century and declines thereafter, and the rapid
introduction of new and more efficient technologies. A1B storyline posits
a technological change that is balanced across fossil and non-fossil energy
sources.

•

B1 (low emissions). The B1 storyline and scenario family describes a
convergent world with the same global population that peaks in midcentury and declines thereafter, as in the A1 storyline, but with rapid
changes in economic structures toward a service and information
economy, with reductions in material intensity, and the introduction of
clean and resource-efficient technologies.

•

B2 (moderate emissions). The B2 storyline and scenario family describes
a world in which the emphasis is on local solutions to economic, social,
and environmental sustainability. It is a world with continuously
increasing global population at a rate lower than A2, intermediate levels
of economic development, and less rapid and more diverse technological
change than in the B1 and A1 storylines.

Corresponding carbon dioxide (CO2) emissions and atmospheric concentrations
for some of the emissions scenarios are shown in Figure 9, Panels B and C below.
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Figure 9.—Carbon dioxide emissions and atmospheric concentrations for the four
families of emission scenarios used in the Intergovernmental Panel on Climate
Change Fourth Assessment Report (IPCC 2007).

The development of climate projections by the WCRP and an associated
assessment report by the IPCC is a recurring 7-year process. The next generation
of climate projections, Coupled Model Inter-comparison Project Phase 5 (CMIP5)
was not available at the time that the analyses were performed for the URGIA.
However, these projections have recently been developed and are providing the
basis for the next IPCC assessment report (Fifth Assessment Report, or AR5),
which is currently being prepared. Although the most recent suite of climate
projections based on the CMIP5 models use a different approach for representing
future greenhouse gas emissions, and many of the GCMs have improved
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representations of the physical atmosphere-ocean system, projections based on
CMIP3 are still widely used in Impact Assessments and remain a valid approach
for evaluating climate change impacts.
The spatial resolution of the GCM climate projections is typically on the order of
1-2 degrees of latitude/longitude, which is too coarse for use in regional and
project-scale planning because finer scale geographic features, which may
significantly influence local climate, are not represented. Also, GCM output is
generally archived on a monthly timescale, adding to the limitations of its use for
water resources planning studies. Therefore, projections of finer scale regional
conditions require a method of downscaling GCM projections in both space and
time. Typical downscaling methods include:
•

Dynamical, which uses Regional Climate Models (RCM) that are based on
boundary conditions defined by GCMs.

•

Statistical, which uses statistical techniques to relate finer-scale regional
climate characteristics to larger scale GCM projections.

Although dynamical downscaling is increasingly used as a methodology for
producing climate projections, it is computationally intensive, which makes it
prohibitive for many long-term planning studies. The URGIA relies on the
statistical downscaling approach for development of future climate projections.
Statistical methods have been widely applied to produce spatially-continuous
fields of temperature and precipitation at fine scales (< 10 miles) covering the
entire United States. Reclamation, in cooperation with Lawrence Livermore
National Laboratory, Santa Clara University, Climate Central, and the Institute
for Climate Change and its Societal Impacts, have developed an archive of
112 monthly and daily statistically downscaled projections of temperature
and precipitation based on CMIP3, using the Bias Correction and Spatial
Disaggregation (BCSD) technique of Wood et al (2002). These projections cover
the entire United States at 1/8 degree spatial resolution (12 km) for the period
from 1950 through 2099. These projections were produced from results of
16 different CMIP3 GCMs, simulating 3 different emissions scenarios (A2 [high
emissions], A1B [moderate emissions], B1 [low emissions]) along with various
assumptions about initial ocean and atmosphere conditions. A detailed description
of the BCSD method is contained in Reclamation’s Bias-Corrected and Spatially
Downscaled Surface Water Projections report (Reclamation 2011c). An overview
of the approach is provided in Appendix D.
3.2.2 Streamflow Simulations
Streamflow simulations based on projections of future climate using the BCSD
approach described above were performed using the Variable Infiltration Capacity
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(VIC) Model. The VIC model (Liang et al. 1994, Liang et al. 1996, and Nijssen
et al. 1997) is a spatially distributed hydrologic model that solves the water
balance at each model grid cell. It has been widely used in large-scale hydrologic
studies across the globe to explore the implications of climate change on water.
To produce future projections of streamflow consistent with the above described
statistically downscaled climate projections, the VIC model is applied once for
each set of temperature and precipitation projections associated with a GCM and
emissions scenario combination (i.e., the 112 simulations in CMIP3). The VIC
model generates simulated natural streamflow over the period 1950 through 2099,
consistent with the time period for transient (or BCSD) climate projections.
The VIC model of natural streamflow projections is most useful if analyzed at a
monthly time step, as was done for the URGIA. Daily time-steps have been found
to frequently contain unrealistic daily precipitation estimates, especially at smaller
spatial scales of interest in water resources planning.
Using a similar approach to that used for BCSD to remove systematic biases in
GCM simulations, we applied a bias correction procedure to remove systemic
biases in the VIC model of natural streamflow projections. Bias-correction
techniques may be applied at locations where reconstructed observed natural
streamflows exist. These techniques produce flows that very closely match the
long-term statistics and time series behavior of a natural or modified flow dataset
for a particular site.
We used the developed streamflow projections from the VIC model were used as
input to the Upper Rio Grande Operations Model URGSiM to simulate the
effects of local water operations on the projected available water. URGSiM uses
hydrologic and climatic inputs (e.g., monthly flow, precipitation, and minimum
and maximum temperature) to simulate the movement of surface water and
ground water through the Upper Rio Grande system from the San Luis Valley in
Colorado to Caballo Reservoir in southern New Mexico including the Rio Chama
and Jemez River tributary systems, and the Española, Albuquerque, and Socorro
regional groundwater basins. URGSiM simulates:
•

Operations of nine dams

•

Interbasin transfers from the Colorado River Basin to the Rio Grande
Basin (via Reclamation’s San Juan-Chama project)

•

Agricultural diversions and depletions in the Chama, Española, and
Middle Rio Grande Valleys (most of which occur via irrigation
infrastructure originally built by Reclamation as part of the Middle
Rio Grande Project)
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•

Evapotranspiration (ET) i.e., the evaporation plus water use by riparian
plants and crops

3.2.3 Base Case Model Run
The operations model scenario used for most of the analyses presented in the
URGIA, termed the “Base Case Scenario,” only represents changes that result
directly from projected changes in the climate. Infrastructure, reservoir
operations, human population, irrigated agriculture, and other non-climate-related
parameters have stayed the same, to allow our analyses to isolate the impacts of
climate change on river and water-management systems. These other factors will
need to be considered in water-management planning for the Upper Rio Grande
Basin, potentially as part of a Basin Study, but these are not considered here.

3.3 Sources of Uncertainty
The projections presented here are based on reasonable assumptions about our
future. Since we do not actually know how humans are going to behave, what
energy sources they will be using, or how much carbon dioxide they will emit
into the atmosphere, there is uncertainty associated with any projection of future
climatic changes. For example, since the initiation of work on the URGIA, carbon
dioxide emissions have been high enough that it is very unlikely that we will have
a future consistent with the B1 (low emissions) scenario used in the URGIA
analysis. Our emission scenarios are constantly being refined, and the generation
of hydrologic projections will need to be as well. The analyses presented in the
URGIA are based on the CMIP3 suite of GCM simulations associated with the
IPCC’s 4th Assessment Report (AR4). Since work began on the URGIA, an
additional suite of GCM simulations (known as CMIP5) has become available,
and Reclamation is currently working to develop hydrologic projections based on
these updated model runs. However, these new projection sets were not available
to support the analyses presented here. Still, the projections of potential
hydrologic impacts of climate change generated under the URGIA are reasonable
based on the information available to date and provide a sound basis for initial
conceptualization of adaptation measures.
As discussed at the beginning of this chapter, and shown in Figure 8, this analysis
is built upon a series of analytic steps: starting with GCM runs at a global scale,
downscaled and bias corrected for use at a local level (BCSD projections)
followed by land surface modeling (rainfall-runoff) at a basin scale (the VIC
model), and finally operations modeling at the river network level (the URGSiM
model). Each of these models represents a conceptual simplification of a complex
physical system that is imperfectly understood. In addition to the three different
model types employed, there are statistical methods employed to connect them.
GCM output is statistically downscaled for use in the VIC model and operations
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model, and statistical methods are used to condition the uncalibrated land surface
model output for use in the operations model. Output from each model carries
with it uncertainties associated with simplification and lack of understanding of
the modeled system, and each statistical transformation of the output increases
these uncertainties. By definition, these uncertainties are difficult to quantify, but
can have significant effects on the hydrologic projections generated. Like the
emission scenarios, the modeling tools are continually being refined, and, as
planning moves forward, the hydrologic projections developed by these tools will
have to be reexamined as well.
The uncertainties associated with each step in the URGIA analysis are further
explored in Section IV of Appendix D.

Reclamation, USACE, and
Sandia National Laboratories

29

Technical Memorandum
West-Wide Climate Risk Assessment: Upper Rio Grande Impact Assessment

4.

Impact Assessment: Projected Climate
and Water Supply, Demand, and Delivery

This chapter describes the projected changes for the Upper Rio Grande’s climate,
water supply, demand, and delivery.
Section 4.1 describes the past and current climate in the region, and the processes
and forces that drive that climate. That section also presents an analysis of the
current trends in climate and hydrology in the Upper Rio Grande Basin—the
degree to which the region has already experienced warming, and associated
hydrologic changes. Following that is a general presentation of the future climate
and hydrology of the region, as determined from climate and hydrology models.
Section 4.2 presents projected changes to water supply, in terms of streamflow,
reservoir levels, imported water supply, groundwater recharge, and groundwater
discharge to streams. The impacts of climate change on the Upper Rio Grande
hydrologic system are a result of changing magnitude, timing, and variability of
inflows to the system, coupled with temperature-driven increases to evaporative
demands. A series of quad graphs in each subsection presents several aspects of
the changes in those locations. Please note that each basin presents an
independent analysis and thus uses a different scale.
Section 4.3 addresses water demand and delivery in Colorado and New Mexico.

4.1 Climate in the Upper Rio Grande Basin: Past,
Present, and Future
4.1.1 Discussion and Overview of the General Climate
Characteristics of the Upper Rio Grande
Climate may be distinguished from weather by the longer timescale, decades as
opposed to days or weeks, over which meteorological conditions are considered.
Meteorological conditions include temperature, precipitation, solar radiation,
wind, atmospheric pressure, and humidity, among others. Evaluations of changes
in climate include both natural variability and human-induced long term changes
in climate. Natural variability includes multi-year cycles in climate such as
El Niño and La Niña, as well as cycles that can occur on even longer time scales
(for example, the Pacific Decadal Oscillation). Naturally-caused variations in
climate continue to occur into the future along with changes due to increased
greenhouse gas concentrations from human activities. A literature review
summarizing the current climate of the Upper Rio Grande and climate trends in
the southwestern United States is presented in Appendix B.
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The Upper Rio Grande Basin is classified as an arid climate, with average annual
precipitation in most areas of less than 15 inches (38 centimeters [cm]) except in
mountain regions. As previously noted, the majority of the water supply derives
from snowmelt in the mountainous areas of the basin headwaters. Local
precipitation is bi-seasonal, with the major peak in summer (July to September)
and a secondary peak in winter (November to March). Arid spells are typical in
spring (April to June) and fall (late September through early November).
Temperature and precipitation vary by latitude and elevation within the Upper
Rio Grande Basin (Kunkel et al. 2013b). See Section 2.1 for locations of areas
described. Although annual average temperatures do not capture the range of
annual variability, they do convey the relative temperatures in different
subregions within the Upper Rio Grande Basin.
•

In the San Luis Valley of Southern Colorado, the average annual
temperature is 41 to 45°F (5 to 7 degrees Celsius [°C]) and precipitation
averages less than 10 inches (25 centimeters [cm]) per year. In the
adjacent San Juan Mountains of southern Colorado, average annual
temperatures are as cool as 21 to 30°F (-6 to -1°C), with precipitation in
the wettest areas exceeding 40 inches (100 cm) per year.

•

The Albuquerque portion of the Upper Rio Grande Basin has an annual
temperature of approximately 51 to 55°F (11 to13°C; Figure 10)
and receives 11 to 15 inches (28 to 38 cm) of precipitation per year
(Figure 11).

Figure 10.—Observed annual temperature, averaged over the Upper Rio Grande
Basin. Red line indicates annual time series for the given geographic region. Blue
line is 25-year moving annual mean.
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Figure 11.—Observed annual precipitation, averaged over the Upper Rio Grande
Basin. (University of Arizona et al. 2007). Red line indicates annual time series for
the given geographic region. Blue line indicates 25-year moving annual mean.

Southern, lower-elevation areas south of Elephant Butte Dam have average
annual temperatures of 61 to 65°F (16 to 18° Celsius [°C]), and receive less than
15 inches (38 cm) of precipitation annually.
The basic pattern of New Mexico’s climate is driven by its latitude and its
position in the continental interior. Solar heating of Earth’s surface along the
equator causes humid air to rise and to drop its moisture as rain in a band along
the equator. A portion of air that has risen at the equator moves north and south at
a high altitude, where it cools and eventually descends over the subtropics. As it
descends, that air warms and its capacity to retain moisture increases, pulling
moisture out of the environment as the air mass descends. 1 The descending dry air
returns towards the equator. This convection system moving air between the
equator and the subtropics is known as a Hadley Cell (Figure 12). Most of the
world’s deserts are located at the descending arm of the Hadley Cell, including
the Mohave, Sonoran, Chihuahuan, Sahara, Thar, and Saudi Arabia deserts in the
Northern Hemisphere, the Atacama, Kalahari, and central Australian deserts in
the Southern Hemisphere. The southern portion of the Upper Rio Grande Basin is
within the Chihuahuan desert.

1

As a general rule of thumb, rising air cools and as it cools, its ability to hold moisture
decreases. Thus, the water that rising air contains condenses and eventually precipitates out—so
areas underneath rising air get rain. Descending air warms, and as it warms it can hold more
moisture, so it becomes relatively drier. Areas underneath descending air do not get rain.
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Figure 12.—Atmospheric circulation in the climate system (Hadley cells) (source:
National Aeronautics and Space Administration [NASA], nd).

The Hadley Cell in the Northern Hemisphere shifts north in the summer and south
in the winter due to the tilt of the earth’s axis. During summer months, the
northern portion of the descending arm of the Hadley Cell encompasses northern
New Mexico and southern Colorado, allowing hot, dry air to settle over the
region from March through September. The aridity and heat are reduced in late
summer/early fall due to the North American Monsoon, in which diurnal heating
of the land surface pulls humid air in from the Gulf of Mexico (sometimes the
southeastern Pacific). Heating this air leads to daily convective storms producing
intense, localized cloud-bursts. The location of these storms is strongly influenced
by topography (with higher elevations tending to have more reliable monsoonal
precipitation than lower elevations), and latitude (with southeastern Arizona
inside the core monsoon region and the Upper Rio Grande outside of that region).
Precipitation during the summer monsoon is characteristically more than
50 percent of the annual local precipitation total in the lower elevation portions
of the Upper Rio Grande. The North American Monsoon tapers off in fall as
diurnal heating is reduced, although remnant Tropical Pacific cyclones can bring
sustained precipitation to the region, especially in September.
With the onset of winter, the area of maximum heating shifts south of the equator,
which causes the northern limit of Hadley Cell circulation to shift south of the
study area and enables the jet stream to push mid-latitude cyclonic storms into the

34

Reclamation, USACE, and
Sandia National Laboratories

Technical Memorandum
West-Wide Climate Risk Assessment: Upper Rio Grande Impact Assessment

region. These storms precipitate rain and snow over wide areas, and alternate
with high pressure systems that bring dry, sunny weather to the region. However,
the amount of precipitation from these systems is limited because the Upper
Rio Grande is in the interior of North America: it is surrounded by dry land and is
distant from warm oceans. This limit is exacerbated by the region’s location in the
rainshadow of the Sierra Nevada mountains: much of the moisture coming off of
the Pacific is wrung out of storm systems as they cross the Sierras, and is only
added back in when these storms reach the Plains states and tap into humid air
masses originating over the Gulf of Mexico. As a result, winter precipitation
across most of the region is less than summer.
4.1.1.1
Overview of Winter Climate in the Upper Rio Grande Basin
Winter precipitation in the Upper Rio Grande Basin varies from year to year
depending primarily on the Pacific Ocean sea surface temperature. Areas of the
ocean with warm sea surface temperatures add a great deal of heat (energy) and
moisture to overlying air masses, creating larger storms with greater precipitation
potential. Areas with cool sea surface temperatures fail to heat the air much, and
these areas produce small, weak storms with low or no precipitation potential.
Ocean temperatures in areas that matter for Southwestern climate—the eastern
Pacific and the Gulf of Mexico—vary in temperature from year to year, with
direct consequences for climate in the Upper Rio Grande.
The most familiar variation in ocean temperature (and in the overlying
atmosphere) is the El Niño-Southern Oscillation (ENSO) cycle. In a normal
(ENSO-neutral) year, surface winds push warm equatorial Pacific surface waters
to the west, creating a pool of warm water near Indonesia and allowing very cold,
deep ocean water to rise to the surface in the eastern Pacific from northern Peru to
Mexico. Over the warm pool, heat and moisture are contributed to the air, the
warm air rises, and heavy precipitation occurs in the western Pacific. At the same
time, the air over the eastern Pacific is comparatively cool and dry, and therefore
the eastern Pacific and adjacent regions (such as the Southwest) are relatively cool
and dry.
In an El Niño year, the warm pool “migrates” to the east, leaving Indonesia cooler
and drier, and shutting off the upwelling of cold ocean water in the eastern
Pacific. Although most precipitation occurs out to sea, there is a significant
increase in atmospheric moisture in the eastern Pacific, which brings more winter
precipitation to the Southwest. Winter 2009-2010, in which the snowpack was at
near-normal levels, was an El Niño year.
ENSO has a third state known as La Niña. In a La Niña phase, the warm pool
migrates to the west of its normal position, bringing additional rain to Indonesia
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and Australia while at the same time bringing hyper-dry conditions to the eastern
Pacific. Winter 2010-2011, which was a La Niña winter, was exceptionally warm
and arid in the Southwest. Snowpacks in the basin were well below normal.
The frequency of El Niño and La Niña events has increased since the 1970s.
Before 1970, El Niño and La Niña events occurred in roughly equal frequencies,
and were separated by several normal (ENSO-neutral) years. Since the late 1970s,
the frequency of El Niño and La Niña events has increased, El Niño events have
outnumbered La Niña events by 2:1, the number of “normal” years separating the
two have decreased, and El Niño events have increased in strength. The reasons
for these changes are poorly understood. They may relate to other large-scale
climate phenomena, including long-cycle changes in sea surface temperatures in
the north Pacific which operate on multi-decadal (50-80 year) cycles, and which
can serve to amplify or dampen the different phases of the ENSO cycle. Since the
1970s, Central Pacific El Niño events have become more common, in which the
warm pool occurs in the central rather than eastern Pacific. During Central Pacific
El Niño events, precipitation in the U.S. is reduced relative to Eastern Pacific
El Niño events, leading to winter precipitation in the Upper Rio Grande that is at
or only slightly above normal (Jin-Yi and Yuhao 2013). Since 1990, five of the
last seven El Niño events have been Central Pacific El Niño events.
ENSO effects on precipitation in the Southwest are primarily a winter
phenomenon, and summers are usually characterized by ENSO-neutral or
transition states. NOAA maintains a regularly updated discussion of current
ENSO status, near-term (about 6 month) ENSO projections, and implications for
how changes in ENSO would affect temperature and precipitation across North
America.
The strength of El Niño and La Niña are also affected by the interplay of longand short-term climate cycles. Long-term wet and dry cycles in the Southwest are
controlled primarily by Pacific sea surface temperatures (SST), particularly the
multi-decadal Pacific Decadal Oscillation (PDO), and Atlantic SSTs via the
Altantic Multidecadal Oscillation (AMO). The phase of the PDO in particular acts
to amplify and dampen portions of the ENSO cycle. The negative (cool) phase of
the PDO enhances La Niña effects and dampens the increase in precipitation
during El Niño events while the reverse is true under during positive PDO cycles.
The PDO has been in a negative phase since May 2010 (Mantua 2013).
Historically, the driest periods in the Southwest were associated with cool Pacific
SSTs (negative PDO) and warm Atlantic SSTs (positive AMO) (McCabe et al.
2004).
4.1.1.2
Overview of Summer Climate in the Upper Rio Grande Basin
Summertime precipitation and temperature in the Upper Rio Grande Basin is
dominated by the North American monsoon. The North American Monsoon is
driven by daytime heating of the land surface that, in turn, warms the lower
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atmosphere leading to atmospheric convection. The rising air cools and, if
moisture is present, can lead to precipitation. The monsoon is initiated in midsummer when surface heating is strong enough over a large enough area to draw
in moisture from the Gulf of Mexico and, secondarily, the eastern Pacific/ Gulf of
California. The monsoon onset is time-transgressive, beginning mid-June in areas
in the southern part of the Southwest and in mid-July in areas in the north.
Monsoon strength increases with elevation, in direct proportion to the amount
of increase in daytime air mass rise.
The strength of the monsoon varies greatly from year to year for reasons that are
not well understood. The strength of the monsoon appears to depend on:
1) How hot the Southwest gets (i.e., how much heat is available to drive air
convection)
2) How warm the sea surface temperatures are in the eastern Pacific and
Gulf of Mexico, which serve as the principal sources for moist air and
therefore determine the amount of moisture in air masses being pulled
into the Southwest
3) How active the cyclone/hurricane season is in the eastern Pacific and
Gulf of Mexico, which can push tremendous amounts of moisture into
the Southwest during the late summer and early fall
Monsoon strength is also affected by sea surface temperatures at the hemispheric
scale that govern large-scale movements of air masses at different latitudes. The
specific controls on interannual variations in monsoon strength are not well
understood.
Monsoon precipitation is typically intense but localized, and rarely has a uniform
effect across a large drainage basin area, such as the Upper Rio Grande. However,
precipitation can be more widespread if the monsoon is able to tap moisture from
a tropical cyclone in the moisture source regions.
4.1.2 Observed Trends in Climate
For the entire Upper Rio Grande study area, temperatures increased substantially
from 1971 through 2012, with the average annual temperatures increasing by
2.5°F. Nighttime low temperatures increased faster than the daytime high
temperature, 2.7 °F vs. 1.8 °F, respectively (Table 1). Precipitation was
unchanged at the regional scale. Mountain and valley regions responded
differently to warming, with average temperatures in the mountains increasing by
2.7°F, but average temperatures in the valleys increasing by only 1.6°F over the
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Table 1.—Median rates of temperature change (°F per decade) for
different time periods

Tmax

Tmin

Tavg

Early 1971-2000

Late 2001-2012

1971-2012

Mountains

0.31

0.70

0.25

Valleys

0.45

-0.23

0.61

Region

0.40

0.45

0.45

Mountains

1.12

3.15

1.21

Valleys

0.65

-0.68

0.50

Region

0.76

1.35

0.67

Mountains

0.76

1.93

0.67

Valleys

0.70

-0.13

0.59

Region

0.65

0.13

0.63

same period. The change in the mountains was driven by increases in nighttime
low temperatures whereas the change in the valleys was driven by increases in
both nighttime low and daytime high temperatures.
The rate of temperature change (°F/decade) was not constant over the period 1971
through 2012 (Table 1). In the 11 years beginning in 2001, the trend in maximum
and minimum temperatures has been negative in valley areas. By contrast,
mountain regions have been characterized by accelerated increase in warming. It
is not immediately clear what is driving these changes.
Geographically, the amount of change documented in mountain temperatures
was greater in the more northern portions of the Upper Rio Grande Basin.
Temperatures in the Tusas Mountains in the north (which run from the ColoradoNew Mexico border south to the Rio Chama Valley) increased by 5.84°F on
average, while temperatures in the Jemez Mountains in the south increased at
about a quarter of that rate over the same period.
Among valley sites, the greatest temperature increases were measured at sites in
the Middle Rio Grande, where average temperatures increased by 0.88°F per
decade from 1971 through 2012.
Increasing minimum temperature and decreasing precipitation in March and
November are important changes identified by the trend analysis because these
contribute to a longer growing season and decreased period of snowpack
accumulation in winter months.
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The monthly patterns of change in mountain and valley minimum temperature are
similar, but differ in magnitude. Two factors may be at play. Valley minimum
temperature is affected by cold air drainage; under warming, nighttime inversions
may be becoming more frequent (Daly et al. 2010) and this may reduce the rate of
gain in valley minimum temperature. By contrast, warming in mountain areas in
the presence of soil moisture or snowpack contributes to daytime evaporation of
that moisture; condensation under cooler, nighttime temperatures releases heat in
the atmosphere and may contribute to faster nighttime warming in higher altitude
settings, particularly in winter (Rangwala 2012).

4.1.3 Future Changes in Climate
In future years, more pronounced changes are anticipated in the climate in the
Upper Rio Grande, including greater increases in average temperature, earlier
snowmelt runoff, and increased variability in streamflow and other hydrologic
variables. Projected changes in the climate and hydrology of this region were
summarized in the SECURE Water Report (Reclamation 2011a). The projections
summarized in that report were developed from the WCRP CMIP3 climate
projections, which were bias-corrected and spatially downscaled to this region
<http://gdo-dcp.ucllnl.org/downscaled_cmip3_projections>. The results project
that the mean-annual temperature would increase by 5 to 7°F during the
21st century (Figure 13). The range of annual variability between the projections
among the CMIP3 simulations widens through time.
There is significant disagreement among the climate projections regarding the
likely change in annual precipitation over the region. However, the combined
mean from numerous projections suggests that mean-annual precipitation,
averaged over the Upper Rio Grande, would gradually decrease during the
21st century. The projections also suggest that the annual precipitation in
the Upper Rio Grande Basin will remain quite variable over the next
century (Figure 13, Panels C and D). More frequent rainfall events and
less frequent snowfall events are projected within the Upper Rio Grande
Basin.
Warming temperatures are expected to diminish the accumulation of snow during
the cool season (i.e., late autumn through early spring) and the availability of
snowmelt to sustain runoff to the Upper Rio Grande during the warm season
(i.e., spring through early summer). Although increases or decreases in cool
season precipitation could offset or amplify changes in snowpack, it is apparent
that the projected warming in the Upper Rio Grande Basin tends to dominate
projected effects. Snowpack decreases are expected to be more substantial over
the lower-lying portions of the basin where baseline cool season temperatures are
generally closer to freezing thresholds and more sensitive to projected warming.
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Figure 13.—Simulated annual climate averaged over Rio Grande sub-basins.

Changes in climate and snowpack within the Upper Rio Grande Basin would
change the availability of natural water supplies. These changes, which are
described in the following sections, may be due to annual runoff or to runoff
seasonality. For example, warming temperatures alone (without any changes in
the amount of precipitation) would lead to increased ET from the watershed and
decreased annual runoff. Increases or decreases in precipitation (either rainfall or
snowfall) would offset or amplify the effect.

4.2 Impacts of Climate Change on Water Supply
This section of the report summarizes simulation results that describe impacts on
water supply, including basin inflows of native water, inflows of imported water
(from Reclamation’s San Juan-Chama Project, see Section 2.1.1.1), and
groundwater recharge and discharge.
Overall, climate change is projected to significantly decrease available water
supplies in the Upper Rio Grande Basin. Supplies from all native water sources to
the Rio Grande are projected to decrease by an average of about one third, while
flows in the tributaries that supply the San Juan-Chama Project are projected to
decrease by an average of about one quarter over the course of the 21st century. In
all cases, projections show an increased variability in both monthly and annual
flows as the simulations progress into the future. The amount of flow in each
season changes dramatically for the Colorado headwaters, the Chama and Jemez
Rivers, and the San Juan-Chama Project tributary flows.
40
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4.2.1 Native Basin Inflows
As discussed in section 2.2.1, the native supply of streamflows to the Upper
Rio Grande system can be separated into three major groups:
•

Colorado headwater inflows to the mainstem of the Rio Grande

•

Inflows from minor tributaries in New Mexico

•

Inflows to major (gaged) tributaries in New Mexico, including the
Rio Chama (and its tributary the Ojo Caliente) and the Rio Jemez

The following subsections describe the impact of climate change on these inflows
to the basin, which provide the water supply for downstream water operations and
uses.
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4.2.1.1
Colorado Headwaters
Colorado headwater inflows are, for the purposes of this analysis, represented
by the measured flows at four stream gage locations used by the Rio Grande
Compact (Colorado et al. 1938) and shown in Figure 2 to determine Colorado’s
delivery obligation to New Mexico, known as the Colorado “index” gages:
•
•
•
•

Rio Grande near Del Norte
Conejos River near Mogote
Los Pinos River near Ortiz
San Antonio River at Ortiz

Figure 14 provides the analysis results for the ensemble of simulations for the
Colorado headwaters. In Panel A, showing the average annual flow, the lightest
shading shows all projections, the darker shading shows the middle 80 percent of
projections, and the blue shows the median (5-year average of the median of the
ensemble of results from all 112 GCM projections). Overall, the projections
indicate that native supplies to the Rio Grande are projected to decrease on
average by about one third.
Projections show that:
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•

Flows at the index gages would decrease by approximately one-third
overall. The annual average flow at all four gage locations, as depicted
by the median of our projections, decreases by about 33 percent from
approximately 1,200 cubic feet per second (cfs) from 1950 through 1999
to approximately 800 cfs near the year 2100. This decreasing trend is seen
for all flows between the 10th percentile and the 90th percentile of model
runs. Increased variability in terms of overall low and high flows can be
seen starting in 2000.

•

Peak flows would shift to earlier in the year—from June to May. The
variability of flows increases through time, with April and May being
more and more likely to experience flows greater than the maximum flows
from 1950 through 1999 for those months as time progresses, even as the
overall flows decrease.

•

Most flow decreases would occur between June and September.
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Figure 14.—The projected evolution of flows past the Rio Grande Compact index gages in Colorado.
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4.2.1.2
New Mexico Minor Rio Grande Tributary Flows
The minor tributaries included in this group of inflows to the Upper Rio Grande
system summarized in this section are: Costilla Creek, Red River, Rio Pueblo
de Taos, Embudo Creek, Rio Nambe, Santa Fe River, Galisteo Creek, Tijeras
Arroyo, South Diversion Channel, and Rio Puerco. Figure 15 provides the
analysis results for the ensemble of simulations for these inflows.
Projections show that:
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•

Inflows would decrease by one-third overall. As with the Colorado
headwater inflows, the inflows to the Upper Rio Grande from these
sources is projected to decrease by approximately one third (Figure 15).
An average total inflow of about 275 cfs from 1950 through 1999
decreases to about 175 cfs by the year 2100 (Figure 15, Panel A).

•

Peak inflow timing would not change. Interestingly, the shape of the
hydrograph of these summed inflows shown in Figure 15, Panel A, does
not vary—it simply decreases in all months. The timing of Colorado’s
deliveries to New Mexico are related to the Rio Grande Compact and are
not necessarily coincident to the timing of snowmelt and runoff. There are
more southerly tributaries that are less snowmelt-driven. The B1 (low
emissions) scenario is distinctly different from the other two emissions
scenarios (Panel C), and the added volatility in the future is spread
throughout all months of the year (Panel D). These aspects of the
simulated flows distinguish the New Mexico minor tributaries to the
Rio Grande from the other supply groups considered here.
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Figure 15.—The projected evolution of Rio Grande tributary inflows in New Mexico (not including the Rio Chama or
Rio Jemez inflows).
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4.2.1.3
Native Chama and Jemez Inflows
A third grouping of significant surface water inflows to the Upper Rio Grande
includes the Rio Chama and its tributary, the Ojo Caliente, and the Rio Jemez.
Figure 16 provides the analysis results for the ensemble of simulation for these
inflows.
Projections indicate that:
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•

Inflows would decrease by one-third overall. As with the Colorado
headwater inflows and the other Rio Grande tributaries in New Mexico,
the model inflows from the Rio Chama and the Rio Jemez also decrease
by approximately one third between the historic period and the end of the
model runs. Median simulated flows of about 450 cfs from 1950 through
1999 period drop to about 300 cfs by the year 2100 (Figure 16, Panel A).

•

Peak spring flows would occur earlier in the year—from May to
April. Average flows in May decrease while average flows in April
increase as the simulations progress (Figure 16, Panel B). The added
volatility in the future is most noticeable during the winter and spring
months (December through April), and limited during the summer months
(June through September; Figure 16, Panel D).
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Figure 16.—Projected inflows on the Rio Chama, Rio Ojo Caliente, and Jemez River.
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4.2.2 Imported Water: The San Juan-Chama Project
Reclamation’s San Juan-Chama Project brings a portion of New Mexico’s
allocation under the Colorado River Compact into the Rio Grande system. The
system, shown in Figure 17, diverts water from tributaries to the San Juan River,
through the Azotea Tunnel and stores that water in Heron Reservoir, from where
it is distributed. The San Juan-Chama Project supply depends on flows in three
tributaries to the San Juan River: the Rio Blanco, the Little Navajo River, and the
Navajo River. The project allocates 95,831 acre-feet of water per year to its
contractors (369 acre-feet per year of the 96,200 acre-foot per year firm yield is
currently unallocated).

Figure 17.—Location and capacities in cfs of San Juan-Chama Project diversions
and tunnels.
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4.2.2.1
Diversions
Figure 18 provides the analysis results for the ensemble of simulations for
projected flows through the three diversion locations: Oso Diversion on the
Navajo River, Little Oso Diversion on the Little Navajo River, and Blanco
Diversion on the Rio Blanco.
Projections show that:
•

Flows would decrease by one-quarter overall. The sum of flows in the
three tributaries to the San Juan River is projected to drop by only about one
quarter between the historic simulation period (1950 through 1999) and
the year 2100, which is less than the one-third reduction projected for
native Upper Rio Grande flows. The five-year average of the median flow
projection decreases from approximately 225 cfs between 1950 and 1999,
to approximately 165 cfs in 2100 (Figure 18, Panel A).

•

Peak flows would shift to earlier in the year. Total flows at the three
diversion locations between February and April increase over the course
of the century, as those between May and December decrease (Figure 18,
Panel B). By the 2090s, almost 15 percent of simulated March and April
flows are greater than any flow observed for those same months between
1950 and 1999 (Figure 18, Panel D).
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Figure 18.—Projections of total flows from the three San Juan-Chama Project diversion locations
on the Rio Blanco, Little Navajo River, and Navajo River.
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4.2.2.2
Azotea Tunnel
Figure 19 provides the analysis results for the ensemble of simulations for
projected flows through the Azotea Tunnel.
Projections show that:
•

Flows would decrease by one-quarter overall. The ensemble average
trans-basin diversion decreases steadily from around 90,000 acre-feet per
year during the historic simulation period (1950 through 1999) to between
70,000 and 80,000 acre-feet per year during the 2050 through 2099 period.

•

Flows would decrease in summer and increase in spring. Overall,
tunnel flows decrease with a larger portion of the flows occurring earlier
in the year. The overall reduction in tunnel flows comes from large
decreases in divertible flows from May through October even while
divertible flows increase in March and April. The seasonality of the
average tunnel flows is shown in Figure 19, Panel B.

The analyses on the availability of flows to the San Juan-Chama Project diversion
tunnels were performed on a monthly basis. Therefore, these analyses do not
capture potential changes to the volume or duration of snowmelt runoff at less
than a monthly scale. Since snowmelt runoff is projected to occur earlier, and at
potentially higher flow rates for a shorter period of time, the impacts on the
San Juan-Chama Project’s ability to divert could be larger than shown in this
analysis. However, infrastructure changes might be made to allow for a greater
capture of short, high-discharge runoffs, so that these changes in runoff flows and
timing do not significantly affect the San Juan-Chama Project’s ability to divert
sufficient water.
Also, it is important to note that, even if sufficient water is available in tributaries
to the San Juan River for diversions to the San Juan-Chama Project, shortages
within the Colorado River Basin could lead to priority calls or shortage sharing
agreements that would result in decreased supply to New Mexico under the
Colorado River Compact. Such shortages could result in decreases in
Reclamation’s authorization to divert water to the San Juan-Chama Project,
even if sufficient water is available locally.
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Figure 19.—Projected flows through the Azotea Tunnel of the San Juan-Chama Project.
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4.2.2.3
Heron Reservoir
San Juan-Chama Project water is stored in the Heron Reservoir until it is moved
downstream for storage or beneficial use. Heron Reservoir storage decreases
significantly as the simulations progress, as shown in Figure 20, which displays
Heron Reservoir storage on January 1st of each simulation year for the ensemble
of simulations. As discussed in the next section, years when Heron Reservoir
storage on January 1st is below 95,200 acre-feet result in a reduced initial
allocation to San Juan-Chama Project contractors.
Projections show that:
•

Storage in Heron Reservoir would be reduced. The reduction in storage
seen in Figure 20 could be caused by a combination of the decreases in
supply noted above and increases in use of San Juan-Chama allocations by
contractors as temperature-driven demands in the Rio Grande basin
(especially agricultural demands) rise as the simulations progress.
However, as seen in Figure 21, San Juan-Chama Project releases from
Heron are fairly constant through the first 100 years of simulation and
don’t show an increasing trend. This suggests that the reduction in storage
in Heron Reservoir seen in Figure 20 is predominantly a result of
decreased inflows and not as a result of increased outflows.

Figure 20.—Projected Heron storage on January 1st of each year.
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Figure 21.—Projected releases of San Juan-Chama Project water
from Heron Reservoir.
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4.2.2.4
Impact on Annual Allocations to Contractors
Heron Reservoir storage on January 1st (Figure 20) determines Reclamation’s
initial allocation of San Juan-Chama Project water to the contractors. If the initial
allocation is less than 100 percent of the firm yield, a second allocation may be
made on July 1st. This means that any water in storage on January 1st plus any
water that can be moved through Azotea Tunnel between January 1st and July 1st
can be allocated in a given year to San Juan-Chama contractors. As January 1st
storage begins to drop in the simulations, the July allocation becomes more
important to the total San Juan-Chama Project allocation.
Three time series showing the distributions of total, January, and July allocations
are shown in the left side of Figure 22. As the flows through Azotea Tunnel
become less reliable, the initial allocation also becomes less reliable, and the
secondary allocation becomes more important. San Juan-Chama contractors
receive a full allocation in 99 percent of simulated years from 1950 through 1999,
94 percent during the 2020s, 72 percent during the 2050s, and only 61 percent in
the 2090s. At the same time, July allocations go from negligible during the 1950
through 1999 historic period to accounting for almost 40 percent of allocated
water during the 2090s. Table 2 summarizes these trends quantitatively, and the
right side of Figure 22 visualizes these trends as exceedance probability lines.
This table and these figures show that the chances for a full allocation drop almost
30 percent and July allocations rise almost 40 percent.

Table 2.—San Juan-Chama allocations during different simulation periods

Period

Simulations
Simulations with with eventual
full San Juanfull San JuanChama
Chama
allocation on
allocation
January 1
(July 1)

Average
total
San JuanChama
allocation

Average
initial
(January 1)
allocation

Average
secondary
(July 1)
allocation

1950 - 1999

98%

99%

99.95%

99.5%

0.45%

2020s

72%

85%

94%

81%

14%

2050s

51%

72%

88%

64%

24%

2090s

36%

61%

81%

49%

32%
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Figure 22.—Projected San Juan-Chama Project total annual allocations (top figures), January (initial) allocations
(middle figures), and July (secondary) allocations (bottom figures).
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4.2.2.5
Comparison to Previous Yield Estimates and Discussion
Reclamation has estimated the potential firm yield of the San Juan-Chama Project
since the 1950s era design phase. By “firm yield,” these studies meant the
yield at which there would rarely be a shortage. Reclamation studies in 1964
(Reclamation 1964), 1986 (Reclamation 1986), 1989 (Reclamation 1989), and
1999 (Reclamation 1999), each with a longer hydrologic analysis period than the
last, set the firm yield of the project to 101,800; 94,200; 96,200; and 96,200 acrefeet, respectively.
More recently, Roach (2009) performed an analysis using 604 years of tree-ring
records developed by Gangopadhyay and Harding (2008). This analysis tracked
Heron Reservoir storage as it would have been if the San Juan-Chama Project had
been in operation over that 604-year hydrologic sequence. Figure 23 shows the
resulting distribution of January 1st storage values at Heron Reservoir. Once the
influence of initial conditions wears off, the distribution of possible values is
fairly constant. Once this state is reached (about simulation year 2040 in
Figure 23), there is approximately a 10 percent chance that Heron would start the
year with less than 95,200 acre-feet in storage, and thus that the initial San JuanChama Project allocation would be less than the contracted amount less than
10 percent of the time.

st

Figure 23.—Simulated Heron Storage on January 1 of a 150-year simulation
representing the range of variability of a 600-year tree-ring record (simulated
as if the San Juan-Chama Project was in operation for all of those 150 years).
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In 2013, for the first time in the 42 years of operation of the San Juan-Chama
Project, Heron Reservoir water supplies were insufficient on January 1st to
support a complete initial allocation. Although Reclamation was able to provide a
full supply July 1st, the supply is less certain for subsequent years. Whether this is
just natural variability or a harbinger of things to come (as projected in the
URGIA analysis) remains to be seen. This event may prompt an update of the
firm yield calculations by Reclamation, and the added hydrologic record since
1999 (the last time the firm yield was evaluated) might itself result in a reduction
in the firm yield calculation.
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4.2.3 Groundwater Discharge to Surface Water in New Mexico
There are many ways that water can recharge the groundwater system, including
aerially, at the mountain front, via seepage through the beds of rivers and streams,
and via seepage through the root zone under irrigated agricultural fields (less that
amount returned to the surface water system via drain capture). Estimation of
how changes to precipitation and temperature predicted in the GCMs would
alter precipitation-driven recharge (e.g., Serrat-Capdevila et al. 2007) is an area of
on-going research in the West Wide Climate Risk Assessment However, for this
study, mountain-front, areal, and tributary-streambed recharge were held constant.
The sources of recharge that are expected to undergo the greatest changes in
the Upper Rio Grande groundwater system are seepage through the bed of the
Rio Grande itself and seepage through the root zone of agricultural fields since the
sources of water from these forms or recharge, river flows, and agricultural
irrigation are expected to be most affected by climate change. The effects of the
changes in groundwater recharge that were include in the operational model
simulations to the surface-water system are depicted below in terms of changes to
groundwater levels and groundwater discharge in the following section.
Groundwater discharge to the surface water system, where it occurs, can increase
surface flows. Such discharge may be directly to the Rio Grande, Rio Chama, or
Jemez River, to agricultural drains or to wells through pumping. Figure 24 and
Figure 25 provide the analysis results for the simulations for groundwater discharge.
Projections show that:
•

Groundwater levels would decrease. Shallow groundwater levels
decrease slightly through the simulations (Figure 24). This decrease results
in a reduction in ET (Figure 25, Panel D) and a decrease in groundwater
discharge to the drains.

•

Groundwater recharge would decrease. At the same time, recharge
from both river seepage and crop and canal seepage decreases due to
reduced surface flows. The decrease in recharge from the surface water
system is offset by the decrease in discharge to the drain system so that net
surface water recharge remains fairly constant (Figure 25, Panel B). In the
gaining reaches between the Embudo and San Felipe gages, groundwater
discharge drops (Figure 25, Panel A), driven by shallow head reduction in
the Cochiti to San Felipe reach.

•

Groundwater demand would increase. Groundwater extraction by
Albuquerque and Santa Fe, New Mexico, increases (Figure 25, Panel C) as
a result of slightly increased demand (as described in Section 4.3) and
reductions in availability of San Juan-Chama Project water, an important
surface water supply to municipalities in New Mexico.
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Figure 24.—Projected average water elevation in the shallow groundwater aquifer
between Cochiti and Elephant Butte reservoirs.
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Figure 25.—Groundwater/surface water interaction between Embudo and Elephant Butte
reservoirs (Panels A and B) and groundwater discharge via wells and riparian vegetation
(Panels C and D).
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4.3 Impacts of Climate Change on Water Delivery and
Consumption
Sections 4.3.1 and 4.3.3 describe model projections of water delivery by the states
of Colorado and New Mexico. Consistent with Reclamation’s stated approach for
Impact Assessment, the operational modeling used in the URGIA assumes that
current water operations are continued unchanged into the future, with no changes
in population, agricultural area, riparian area, or other water uses or allocations. As
previously explained, this allows the study team to isolate the impacts of climate
change from other changes in the basin that affect water supply. Using this
assumption, Colorado is modeled to use its ability for priority administration to
assure its obligations are met under the Rio Grande Compact (Colorado et al. 1938).
This results in significant impacts to modeled irrigated acreage. New Mexico,
however, does not currently have a formal process for assuring Rio Grande
Compact Compliance; and, therefore, no method is specified in the operations
model. Reclamation recognizes that, under the projected hydrologic conditions,
New Mexico would take steps to maintain Rio Grande Compact compliance.
4.3.1 Southern Colorado Water Delivery
Inflow projections at the four Colorado index gage locations in the San Luis Basin
(known as “index gages” because of their role in the Rio Grande Compact), were
described in Section 4.2.1.1. Our analyses of how those index gage inflows are used
in Colorado, and thus how much water is passed through the San Luis Valley into
New Mexico, were based on the simplifying assumption that Colorado would
continue to comply with the Rio Grande Compact. Therefore, this URGIA does not
address Colorado’s challenges in meeting its delivery obligations under the Rio
Grande Compact but does determine the decreases in water use within the San Luis
Valley that would be required to maintain Rio Grande Compact compliance.
As was described in Section 4.2.1 and shown in Figure 14, annual average flows
at the four index gage locations drops from approximately 1,250 cfs during the
historic simulation period of 1950 through 1999 to around 800 cfs by the latter
half of the 21st century, a decrease of more than 33 percent. The hydrographs at
the four index gage locations described above were used to calculate the flows
that would be needed to meet Colorado’s Rio Grande Compact deliveries
(specific analysis methods are described in Appendix E: URGSiM). Since it is
assumed in our model that Colorado would adjust its irrigation diversions so that
required deliveries under the Rio Grande Compact are made, flows at the
Rio Grande near Lobatos gage, which is near the Colorado/New Mexico state
line, are assumed to match the delivery requirement, Figure 26 provides the
analysis results for the ensemble of simulations for these flows in the Rio Grande
near Lobatos.
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Figure 26.—Projected flows along the Rio Grande near Lobatos, Colorado.
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Projections show that:
•

Flows would decrease by 50 percent near Lobatos. The Rio Grande
Compact-driven flows near Lobatos appear to decrease on average from
around 400 cfs during the historic simulation to 200 cfs by the end of the
21st century, a 50 percent reduction. The reduction in flows near Lobatos
is greater (about 50 percent) than the reduction at the index gages (about
33 percent), suggesting that the Rio Grande Compact structure may buffer
consumptive use in the San Luis Valley from changes to supply—at the
expense of downstream deliveries to New Mexico.

•

Colorado would maintain compliance under the Rio Grande
Compact. Figure 27 shows Colorado’s cumulative Rio Grande
Compact balance. A positive value represents a credit (or over-delivery)
downstream, while a negative value represents a deficit (or under
delivery). As seen in Figure 27, although flow reductions at Lobatos are
greater (about 50 percent) than at the index gages (about 33 percent),
Colorado’s Compact balance stays near zero, and even tends to be slightly
positive as the model runs progress. URGSiM is set up to try to match
downstream delivery obligations based on the historic average shape of
the hydrograph (See Appendix E). As the timing of those flows shift,
earlier peak runoff mimics larger runoffs in the historic record, so fools
URGSiM into over-predicting annual supply and annual obligation early
in the year, and thus to over-deliver on average. This results in a
Rio Grande Compact balance that is slightly positive through time.

4.3.2 Southern Colorado Water Consumption
The difference between the total flows at the four Colorado index gages and the
delivery obligation under the Rio Grande Compact approximates the amount of
Rio Grande and Conejos River water available for consumption in the San Luis
Valley. However, this difference does not take into account all local sources that
would contribute to the Upper Rio Grande river system below the Colorado index
gages, and therefore underestimates the total water available. The flow of the
various tributaries to the Rio Grande from the Sangre de Cristo mountain range
to the east of the valley can be added as potential consumption, as can any water
from Reclamation’s “Closed Basin” groundwater pumping project that are
pumped into the Rio Grande to help with deliveries to comply with the
Rio Grande Compact.
The changes to those sources are beyond the scope of this analysis, and these
changes are not considered here. For this reason, the analysis presented here of
water available for consumption within the San Luis Valley only indicates
changes to consumption of Colorado index gage flows under climate change,
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Figure 27.—Colorado’s projected balance over time under the Rio Grande
Compact.

rather than as representative of the entire San Luis Valley. However, if the
reduction to flows predicted at the Colorado index gages does occur, it is likely
that these tributaries would be similarly affected. In addition, index gage flows
represent a significant portion of the San Luis Valley’s renewable water supply,
meaning this analysis is an important first step to consider the risks of climate
change on water use in the San Luis Valley. Figure 28 provides the analysis
results for the ensemble of simulations for southern Colorado water consumption.
Projections indicate that:
•

The amount of water available for consumption would be reduced.
Figure 28 shows the reduction in the amount of water available for
consumption in the San Luis Valley (relative to the flow at the four
Colorado index gages) for the URGIA projections. As can be seen, the
consumption within the San Luis Valley drops from an annual average of
about 800 cfs to an annual average of about 600 cfs, a decrease of
approximately 25 percent.
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Figure 28.—Projected water consumption in the San Luis Valley from the
Rio Grande and the Conejos River.

•

Downstream deliveries would be reduced. The decrease in water supply
at the Colorado Index gages of about 33 percent described above would,
in turn, decrease Colorado’s delivery obligation under the Rio Grande
Compact by an average of about 50 percent. Note that the delivery
requirement, and the total water available for consumption shown in
Figure 28 do not include water resources in the San Luis Valley that
contribute to Rio Grande or Conejos River system flows below the
Colorado index gages.

The San Luis Valley is fully adjudicated, and water allocations are administered
according to strict priority appropriations, after accounting for downstream
delivery obligations. The Prior Appropriation Doctrine states that water rights are
determined by priority of beneficial use. This means that the first person to use
water or divert water for a beneficial use or purpose can acquire individual rights
to the water. A 25 percent decrease in water available for consumption can be
mapped directly to water rights that would no longer be served if that decrease
were experienced.
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Figure 29 shows the number and date of water diversion rights in the San Luis
Valley along both the Rio Grande and Conejos River systems. Development
on the Conejos River started first, with almost 1,000 cfs of diversion rights
established when Rio Grande diversions began to be developed by 1870. Both
systems were developed aggressively during the 1880s. The Conejos River was
almost fully developed by 1890, with only small additional rights granted from
then until the late 1920s when the last diversion rights were developed in that
system. The rapid development of Rio Grande diversions also continued through
the 1890s, but by the turn of the century, that system was almost fully developed
with only minor additional rights granted between then and the early 1950s
when the last diversion rights were granted on the Rio Grande. Total developed
diversion rights exist for over 3,300 cfs of diversion from the Conejos River and
over 5,600 cfs of diversion from the Rio Grande.

Figure 29.—Size and priority date of water diversion rights on the Rio Grande and
Conejos River systems in Colorado’s San Luis Valley.

Note: There may be minor differences between this analysis and the actual
administration of rights. The data used here and shown in Figure 29 are from the
Colorado Division of Water Resources, Alamosa Division (Colorado Office of
State Engineer nd). The data provided are ordered according to a priority
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number that does not correspond in all cases to the order that would result from
the priority date. To make analysis more intuitive; we used the data ordered
strictly by priority date. Therefore, this analysis may not correspond to the actual
administration of rights in all cases.
To estimate which water rights would be served with a given amount of water
available for consumption within the San Luis Valley, we must make assumptions
regarding the percent of the diverted water that would return to the system and
become available to be diverted again, and regarding how much consumable
water enters the system below the four Colorado index gages. For simplicity, we
ignore additional inflows and assume 50 percent return flows, meaning that
500 cfs of internal consumption would serve 1,000 cfs of diversion rights because
it would take 1,000 cfs of diversion to result in the 500 cfs of consumptive use.
With this assumption and the data plotted in Figure 29, an estimate was made of
the priority date of the last water right served in each month of each simulation.
Figure 30 (Panels B and D) summarizes these results for each river system for the
months of April through September.
Projections show that:
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•

Native inflows would decrease. This analysis suggests that water
available for irrigation from native inflows to the San Luis Valley (as
measured by gages above major diversions on the Rio Grande, Conejos,
San Antonio, and Los Pinos rivers) would be reduced under climate
change by an average of about 33 percent by the end of the 21st century.
Assuming that Colorado meets downstream delivery obligations specified
by the Rio Grande Compact, this supply reduction would reduce the water
supply available for consumptive use in the San Luis Valley by about
25 percent and reduce the average downstream delivery to New Mexico
by about 50 percent by the end of the 21st century.

•

Fewer water rights would be served. As changes to flows occur, fewer
water rights would be fully served on the Conejos and the Rio Grande.
Water supplies from June through the end of the irrigations season are
projected to experience the largest declines, and water rights with the most
recent priority dates are most likely to experience shortages. The left side
of Figure 30 shows the priority dates of water rights for which there would
be sufficient water for a full supply every month from May through
August. On both rivers, as the century progresses, a more senior water
right (i.e., an earlier priority date) is needed to maintain full diversions
throughout the heart of the irrigation season.
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Figure 30.—Priority dates of water rights that would be fully served in the summer from the
Rio Grande and Conejos River in the San Luis Valley (Panels A and C) and associated average
monthly priority dates served (Panels B and D).
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•

Water rights would be served earlier in the irrigation season. On
both rivers, fewer rights are satisfied during the months of June through
September over time. On the Rio Grande, there is no significant change in
the average right served in April, and more water rights are served in May,
due to an earlier runoff peak (runoff peaks in May rather than June). On
the Conejos River, more rights are served in April, and after an initial
increase in rights served in May during the 2020s, fewer water rights are
served in all months from May through September as the simulations
progress.

4.3.3 New Mexico Water Delivery

Otowi Gage
4.3.3.1
The Otowi gage is downstream of the confluence of the Rio Chama and
Rio Grande and above Cochiti Reservoir (see Figure 3 for locations), and thus it
is an important representation of total system inflows to New Mexico. The Otowi
gage represents the official inflow point to the portion of New Mexico for which
flows and downstream deliveries must be accounted under the Rio Grande
Compact. Figure 31 provides the analysis results for the ensemble of simulations
for projected future flows at Otowi gage.
Projections show that:
•

Flows passing Otowi Gage would decrease. Median projections suggest
that annual-average flows would decrease from around 1,400 cfs to around
1,000 cfs (29 percent) by the year 2100.

•

Timing of peak flows would not change significantly. The average peak
flows have historically occurred in May. Change in timing of peak flows
in the Rio Grande headwaters (Figure 14) are masked by tributary inflows
that do not show a change in peak timing (Figure 15), and the result is
reduced relative flows in June, but there is no shift in the peak flow month
at Otowi. Peak flows on the Chama and in the San Juan-Chama tributaries
are largely captured by the series of reservoirs in the Chama system, and
thus have a reduced effect on the timing of the peak seen at Otowi.
The November peak is a result of non-irrigation season releases from
Chama system reservoirs. March and April flows are larger than any
historically observed in those months between 2 and 3 percent of the time
by the 2090s.
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Figure 31.—Projected Rio Grande flows at Otowi gage.
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4.3.3.2
Central Avenue, Albuquerque
Figure 32 provides the analysis results for the ensemble of simulations for flows
at Central Avenue in Albuquerque.
Projections show that:
•
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Flows at the Central Avenue Gage would decrease. The flows at
Central Avenue are projected to decrease by 36 percent, from an annual
average of approximately 1,100 cfs during the historic period (1950
through 1999) to less than 700 cfs by the 2090s. The shape of the
hydrograph mirrors that seen at the Otowi gage, with May through August
flows significantly reduced, but without changes in the timing of the
average peak monthly flow.
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Figure 32.—Projected Rio Grande flows at Central Avenue in Albuquerque.
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4.3.3.3
Elephant Butte and Caballo Reservoirs
Elephant Butte and Caballo reservoirs are located close together at the
downstream end of the URGIA study area. Inflows to these reservoirs reflect both
changes in the inflows to the Upper Rio Grande Basin and the changes in demand
within the basin upstream of these reservoirs. Figure 33 through Figure 35
provide the analysis results for the ensemble of simulations for these inflows.
Figure 33 shows projected inflows into Elephant Butte Reservoir under both the
Base Case Scenario, in which current operations are assumed, as well as an
additional Compact Compliance Scenario, in which it is assumed that
New Mexico takes management actions, for example reducing agricultural area,
to assure compliance under the Rio Grande Compact.
In Figure 34, the differences between inflows to Elephant Butte under the Base
Case Scenario and the Compact Compliance Scenario are shown, in terms of
trends over time of the median and range (Figure 32 Panels A and C), monthly
patterns at specified time periods in the future, and broken down by emission
scenario. The differences between these two scenarios are not large on an annual
basis, but they represent the annual deficit within New Mexico upstream of these
reservoirs. If management actions are not taken to mitigate these shortages, they
would build up over time.
Figure 35 shows simulated releases out of Caballo Reservoir at the downstream
boundary of the study area. The shape of the average hydrograph is based on a
typical irrigation schedule for Reclamation’s Rio Grande Project, the irrigation
project that operates downstream of Elephant Butte and Caballo Reservoirs (and
is outside of the study area for the URGIA). The average hydrograph includes a
pulse of water in March to start the irrigation season, and then releases peaking in
June to serve agricultural demand. Our modeling assumes that climate change
does not change the shape of this irrigation schedule, although it reduces the
overall quantity of available water.
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Figure 33.—Projected inflows to Elephant Butte under the Base-Case and Compact Compliance Scenarios.
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Figure 34.—Differences in inflows to Elephant Butte Reservoir under the Base Case and Compact
Compliance Scenarios.
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Figure 35.—Projected releases into the Rio Grande Project below Caballo Reservoir, at the downstream
end of the study area.
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Projections show that:
•

Flows would become more variable. Early in the simulations, flows from
December through April are most likely to exceed flows documented in
historic records, while later in the simulations, the likelihood of a new
record monthly high is distributed throughout the year, including during
summer months. Because this summer-month variability was not as
noticeable at Central Avenue (Figure 32), it seems that the summer
(monsoonal) rains into tributaries downstream of Central Avenue, namely
Tijeras Arroyo and the Rio Puerco, are responsible for this apparent gain
in variability.

•

Releases would decrease. The projections show a dramatic drop in
average releases from Caballo Reservoir for the Rio Grande Project from
1,100 cfs, which is a full release from 1950 through 1999, down to a
projected average annual release of 500 cfs at the end of this century (a
55 percent decrease). This decrease is associated with the Base Case
Scenario. The Compact Compliance Scenario would experience a slightly
smaller decrease.

4.3.4 New Mexico Water Consumption Under the Base Case
Scenario
Model simulations describe the impacts of climate change on water delivery and
demand, based on current development and land-use conditions.
Water demands are the optimum requirements, whereas consumption reflects the
amount of water actually available. The largest categories of water demands and
consumption in the Upper Rio Grande Basin are:
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•

Irrigated agricultural ET (i.e., a combination of evaporation and water
use by plants). Demand rate calculations were based on potential
evapotranspiration, (i.e., the maximum amount of water the vegetation
could consume under ideal conditions). In central New Mexico, this
demand is not fully met on average, even without water scarcity, due to
operational inefficiencies. On a per-unit area basis, the agricultural
consumptive demands are lower than any of the other demands.

•

Riparian vegetation ET. Demand rates are calculated in the same manner
as irrigated agricultural ET demand rates. The potential evapotranspiration
for riparian vegetation demand rates are only met when groundwater
levels are sufficiently high to allow optimal water uptake.
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•

Municipal and industrial (M&I) consumption. Demand rates are
calculated using an outdoor vegetation ET, as other water demands are
assumed to return to the system.

•

Reservoir evaporation. The reservoir areas vary through time, and thus
the volume of reservoir evaporation masks the rising trend in evaporation
rates. Therefore, the demand rates for reservoir evaporation were based on
reservoir storage estimates rather than with other factors such as
temperature.

Demands for ET are shown as rates, which must be multiplied by irrigated
agricultural area, riparian vegetation area, or the representative outdoor use area
for M&I consumption. Figure 36 shows the maximum (or in other words, the
potential) consumptive use demands for these demand types and represent the
maximum amount of water that would be consumed under ideal conditions. It is
recognized that these rates may not be achievable, even at current levels of water
availability, but they do provide perspective on the total projected demand.

Figure 36.—Model-projected agricultural, riparian, M&I, and reservoir evaporation
demand rates under the Base Case Scenario.
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The demands shown in Figure 36 are spatially averaged for agricultural and
riparian potential ET (Panels A and B) (in other words, the ET is multiplied over
the irrigated agricultural area or the riparian vegetation area, respectively).
Reference ET (i.e., the representative ET for the outdoor use area used in the M&I
demand calculations) is shown in Panel C as the Albuquerque area Reference ET,
as this is where most of the population is located. Panel D shows the open-water
evaporation rates for all reservoirs.
Each of these parameters changes are due to climate change, even without further
agricultural or M&I development. ET-related consumptive demands, including
demand for irrigated agriculture, riparian vegetation, and municipal and industrial
outdoor use in New Mexico, are expected to rise with rising temperatures
(Figure 36). The actual consumptive use by each of these sectors will depend on
the available supply and the ability of the sector to take advantage of that supply.
Results for each sector are discussed in the following subsections. For agricultural
and riparian vegetation, the potential consumptive use may not be fully met even
with abundant supply due to operational inefficiencies or suboptimal groundwater
levels, respectively. In the operational model runs for this study, the municipal
and industrial consumption demand is always fully met regardless of surface
water supply, due to groundwater pumping.
Overall our analysis found that, while the combination of decreased supply and
increased demand threatens the system, the system responds to the decreased
supply with slightly decreased consumption. Although ET demands rise with
rising temperatures, the sum of consumption associated with these demands
actually decreases as supplies drop. The reservoir evaporation is the largest
decrease and more than offsets increases in agricultural ET and municipal
consumptive use, while riparian ET also decreases due to supply limitations,
despite increased potential consumption.
Section 4.3.5 discusses these changes in water consumption under the Rio Grande
Compact.
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4.3.4.1
Agricultural Consumption
Agricultural consumption depends on the potential demand rate for the irrigated
area, and the available supply (Figure 36). Figure 37 provides the analysis results
for the ensemble of simulations for agricultural consumption. This analysis
considers climate inputs only and does not change the amount of irrigated areas
(see Section 3.3). However, consumption will drop if supply is insufficient to
meet demand. Operational inefficiencies may also prevent the potential
consumptive use from being fully met, even with abundant supply.
Projections show that:
•

Agricultural ET demands increase. Figure 37 shows that, on average,
agricultural ET losses rise by approximately 5 percent during the
simulations, which is less than would be expected based on the change in
potential ET (Figure 37, Panel D). This dampening from demand to actual
use is a result of insufficient supply, which is also evident in a prominent
lower envelope of low actual crop consumption (Figure 37, Panel A). ET
appears to increase in the early part of the irrigation season (March
through June), and decrease in the latter part of the season, Figure 37
Panel B), again due to supply limitations later in the year. Years with
sufficient supply are rare, but in those years agricultural consumption is
higher (by almost 15 percent) than any observed in the historic period
(Figure 37, Panel D).
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Figure 37.—Total projected crop consumption between Cochiti and Elephant Butte Reservoirs,
including the Jemez River valley.
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4.3.4.2
Riparian Consumption
Riparian vegetation consumption depends on the potential demand rate
(Figure 36), the riparian area, and the available supply to the trees. Figure 38
provides the analysis results for the ensemble of simulations for riparian
consumption.
Projections show that:
•

Riparian ET demands would be reduced as a result of declining
groundwater levels. As this analysis considered only climate-change
impacts, the riparian area was held constant throughout the analysis (see
Section 3.3.). However, riparian consumption varies—depending on
groundwater levels, which respond, in in a delayed manner, to reductions
in surface water recharge of the shallow groundwater. Figure 38 shows
that, on average, riparian ET decreases slightly through the simulations.
This is a result of declining shallow groundwater levels, which result in
reduced actual ET (the amount of water actually evaporated or transpired)
despite increased potential ET (the amount of water that could have been
evaporated or transpired if there were sufficient water to meet demand).
Figure 38, Panel D shows that, toward the end of the century in the
scenario that was modeled, most of the actual consumption would occur in
April and May, when water is available. Although potential ET would
continue to be high in June through September, water would not be
available to meet that demand. The breakdown by emission scenarios in
Figure 38, Panel C shows that riparian ET is greater under the less severe
emission scenarios because more water would be available to meet
demand.
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Figure 38.—Simulated riparian evapotranspiration from Cochiti to Elephant Butte Reservoirs, including
the Jemez River valley.
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4.3.4.3
Municipal Consumption
For the URGIA analysis, we assumed that water used by cities would return to the
system if it is used indoors, and water would be lost to the atmosphere if it is used
outdoors. The change in consumptive (outdoor) use by the municipal sector in
response to climate change is small compared to the other three types of
consumptive uses discussed here, since the urban area for which the water is
used is small relative to the agricultural area. It is important to remember that
population levels are held constant throughout the model runs. So, although
population growth could drive up municipal consumption, the URGIA analysis
only considers increases in consumption associated with changes in temperature
or precipitation.
Figure 39 provides the analysis results for the ensemble of simulations for
consumptive municipal use for all cities included in the modeling for this study
(Espanola, Los Alamos, Santa Fe, Bernalillo, Rio Rancho, Albuquerque,
Los Lunas, Belen, Socorro, and Truth or Consequences). Generally, consumptive
use for vegetation is the only outdoor water use allowed in municipalities. The
increase in reference ET of about 10 percent (seen in Figure 36) translates directly
to about the same percentage increase in consumptive (outdoor) municipal use.
Total indoor use for these same cities is about 130 cfs and is invariant throughout
the simulations.
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Figure 39.—Simulated municipal consumptive use.
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4.3.4.4
Reservoir Evaporation
Figure 40 through Figure 42 provide the analysis results for the ensemble of
simulations for projections of the volume of evaporation from New Mexico
reservoirs. This volume drops by almost 50 percent in the projections due to
reduced reservoir storage throughout the system (there is less water in the
reservoirs that can be evaporated). This is a stabilizing feedback: as supply in
the system increases, reservoir storage and reservoir evaporation volume rise,
reducing available supply. On the other hand, as supply decreases, the volume of
water evaporated from the reservoir also decreases, which feeds back to increase
available supply in the system. Because of the stabilizing nature of this feedback,
there is little variation in the volume of water evaporated between emission
scenarios. Because of the rising evaporation rate, full reservoirs would lead to
higher evaporation losses than have historically been observed, as is shown in the
bottom right graph in Figure 40.
The change in reservoir evaporation depends to great degree on the storage
change in the reservoir. Heron, El Vado, Elephant Butte, and Caballo reservoirs
tend to lose storage during the simulations, and thus lose less water to reservoir
evaporation as the simulations progress (Figure 42). Abiquiu, Cochiti, and Jemez
reservoirs, on the other hand, don’t lose much storage on average during the runs
and thus don’t experience a reduction in evaporative loss.
Figure 41 provides the analysis results for the ensemble of simulations for
reservoir evaporation rates at four reservoirs that represent the geographical range
of the Upper Rio Grande Basin:
•

Heron Reservoir is in the northern part of New Mexico, close to El Vado
Reservoir

•

Abiquiu Lake is further south

•

Cochiti Lake is further south than Abiquiu Lake and close to Jemez
Canyon Reservoir

•

Elephant Butte Reservoir is at the tail end of the Upper Rio Grande Basin
and close to Caballo Reservoir

Note the difference in magnitude of evaporation rates as moving downstream.
Jemez Canyon Reservoir is close to Cochiti Lake, and Caballo Reservoir is close
to Elephant Butte Reservoir, so the evaporation rates at those reservoirs would be
similar.
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Figure 40.—Total projected evaporation from New Mexico reservoirs.
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Figure 41.—Open-water evaporation rates at four reservoirs spread through the system
from upstream (Panel A) to downstream (Panel D) in New Mexico. Note the different scales
on the Y axes, though the range in each case is the same 2 feet per year.
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Figure 42.—Projected total reservoir evaporation at each of the seven major reservoirs in the
Upper Rio Grande Basin in New Mexico.
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4.3.5 Rio Grande Compact Compliance
This analysis focuses on potential hydrologic impacts of climate change alone on
the Upper Rio Grande system with current water operations, infrastructure,
and policies. In the Base Case Scenario, which forms the basis of most of the
URGIA analyses, New Mexico does not have a specific policy for reacting to
low deliveries by New Mexico to Elephant Butte Reservoir. New Mexico would,
undoubtedly, take steps to assure Rio Grande Compact compliance under the
conditions discussed in the previous sections of this chapter, through steps that
might include reducing agricultural area or managing riparian vegetation.
However, this study does not include any presumptions about what those steps
would be.
A second set of model runs, in addition to the Base Case Scenario, were therefore
made to determine downstream conditions with the assumption that New Mexico
would take management actions to assure New Mexico’s compliance under the
Rio Grande Compact. This is referred to as the Compact Compliance Scenario.
Results from these model runs for the ensemble of these simulations are shown in
the following figures. Figure 43 shows the total storage, which highlights the
dramatic increase in storage variability. Figure 44 and Figure 45 show Elephant
Butte Reservoir storage under both the Base Case and Compact Compliance
scenarios. Figure 46 through Figure 48 show the storage in the other six reservoirs
under the Compact Compliance Scenario.

Figure 43.—Total reservoir storage under the Compact Compliance
Scenario.
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Figure 44.—Elephant Butte Reservoir Storage under the Base Case Scenario.
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Figure 45.—Elephant Butte Reservoir storage under the Compact Compliance
Scenario.
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Figure 46.—Heron and El Vado reservoir storage under the Compact Compliance
Scenario.
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Figure 47.—Abiquiu and Cochiti reservoir storage under the Compact Compliance
Scenario.
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Figure 48.—Jemez and Caballo reservoir storage under the Compact Compliance
Scenario.
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5.

Water Management Implications

The following sections summarize the implications of the hydrologic projections
developed in the URGIA for management of the Upper Rio Grande system in
terms of the parameters defined in the SWA.
•

Section 5.1 discusses the water infrastructure and operations, including
reservoir conditions and water delivery and hydropower generation
impacts.

•

Section 5.2. discusses flood control operations impacts.

•

Section 5.3 discusses water quality impacts.

•

Section 5.4 discusses fish and wildlife habitat, including environmental
flow targets, ESA-listed species, and critical habitat impacts.

•

Section 5.5 discusses flow and water-dependent ecological resiliency
impacts.

•

Section 5.6 discusses impacts to recreation.

5.1 Water and Power Infrastructure and Operations
5.1.1 Reservoir Conditions and Water Delivery
The reduced surface-water inflows to the Upper Rio Grande Basin, (Section 4.2)
coupled with increased irrigated agricultural and riparian vegetation demands
(Section 4.3), result in decreased reservoir storage throughout the system.
Figure 49 provides the analysis results for the ensemble of simulations for
projected reservoir storage for the seven major reservoirs in the Upper Rio Grande
system, along with a projection of total reservoir storage in the system.
The reservoir levels shown in Figure 49 are associated with the Base Case
Scenario, which assumes current operations and management actions. As
described in Section 2.2.2, although New Mexico does not currently have a
specific mechanism for assuring compliance under the Rio Grande Compact that
can be simulated in an operations model, it is likely that New Mexico would make
its deliveries, and the reservoir levels in Elephant Butte would be higher than
shown in Figure 49.
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Figure 49.—Projected reservoir storage at the seven major reservoirs in the Upper Rio Grande system.
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5.1.2 Hydropower Generation
The Upper Rio Grande system has three hydropower plants:
•

El Vado Dam and Powerplant. Reclamation operates El Vado Dam
under agreement with the Middle Rio Grande Conservancy District
(MRGCD). The capacity is 8 megawatts.

•

Abiquiu Dam. Built and operated by the USACE, the powerstation at
the dam base is operated by Los Alamos County Department of Public
Utilities. The total maximum storage of El Vado Reservoir is about
180,000 acre-feet. The capacity is about 16.5 megawatts.

•

Elephant Butte Dam and Powerplant. A Reclamation facility, Elephant
Butte Dam can store about 2 million acre-feet of water to provide
irrigation and year-round power generation. A court order has restricted
power generation during non-irrigation months. The installed capacity is
about 28 megawatts.

In these hydropower-generation systems, lower flows and lower reservoir levels
associated with climate change are projected to lead to less hydropower
generation. Figure 50 provides the analysis results for the ensemble of simulations
for hydropower generation. Figure 50 shows that the projected decrease is
substantial, from an initial generation of about 15 megawatts, the rate drops
almost 50 percent to about 8 megawatts by the end of the century, with most of
the decrease coming during the months of May through September. El Vado Dam
sees the smallest average decline in hydropower output, while Elephant Butte
Dam sees the largest.
Under the Compact Compliance Scenario (which assumes that New Mexico takes
management actions to assure compact delivery) decreases to Elephant Butte Dam
hydropower—and thus to overall hydropower—are slightly less than under the
Base Case Scenario. Figure 51, shows the difference between the Base Case
Scenario and the Compact Compliance Scenario. As seen in Figure 51, the
difference is small, although the difference becomes more apparent in the last
several decades of the simulations.
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Figure 50.—Projected combined hydropower generation from Abiquiu, El Vado, and Elephant Butte
Reservoirs under the Base Case Scenario.
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Figure 51.—Simulated hydropower generation from Elephant Butte Dam for the Base Case (left) and the Compact
Compliance Scenarios (right).
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5.2 Flood Control Operations
The operations model used for this study, URGSiM, is a monthly time step model,
and so the model is not inherently suited to detailed evaluations of flood control
capacity. However, despite this weakness, some initial general observations are
still valuable. The inflow predictions increase in variability as the simulations
progress, with annual and monthly flows occurring from 2000 through 2099
period that exceed historic observations from 1950 through 1999 for all supply
inputs.
Our analyses project that streamflows would get more and more variable as time
progresses. Abiquiu, Cochiti, and Jemez reservoirs are the main flood control
reservoirs on the system as these reservoirs reserve storage capacity for flood
control. The storage projections for these reservoirs (Figure 49) offer visual
evidence that flood control operations would become more frequent in the system,
even as average supplies decrease. The extreme flows are projected to become
more extreme with climate change, and thus flood control operations would occur
more often in the future. Elephant Butte and Caballo reservoirs are not included in
this analysis, since they are combined water storage and flood-control reservoirs.
To gain a quantitative estimate of the sufficiency of flood control storage at
Abiquiu and Cochiti reservoirs, we can look at how often these primarily flood
control reservoirs fill to within 99 percent of capacity. Results from such analyses
are summarized in Table 3. Additional analysis with a finer time resolution and
more in depth exploration of resulting downstream flows would be necessary to
confirm and quantify the magnitude of this additional flood control risk.

Table 3.—Instances of insufficient flood control capacity in Abiquiu, Cochiti,
and Jemez reservoirs by major period
Months with
insufficient flood
control capacity

Years with
insufficient flood
control capacity

0 (0%)

0 (0%)

0 (0%)

0 (0%)

Jemez

0 (0%)

0 (0%)

Abiquiu

4 (0.006%)

4 (0.07 %)

172 (0.3 %)

47 (0.8 %)

Jemez

6 (0.009%)

6 (0.009%)

Abiquiu

5 (0.007 %)

3 (0.05 %)

110 (0.2 %)

26 (0.5 %)

4 (0.006%)

4 (0.07 %)

Reservoir

Simulation period
(years)

Abiquiu
Cochiti

Cochiti

Cochiti
Jemez
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1950 – 1999 (49)

2000 – 2049 (50)

2050 – 2099 (50)
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5.3 Water Quality
Although assessing the potential impacts of climate change on water quality was
beyond the scope of the URGIA, a recent Environmental Protection Agency
(EPA) study considered climate change impacts to water quality in the
Rio Grande Basin above the confluence with the Rio Puerco (Hydrologic Unit
Codes [HUC] 1301 and 1302) (EPA 2013). In the EPA analyses, absolute
reductions in total nitrogen, phosphorous, and suspended solids loads reflect
reductions in total flow volumes. However, projected reductions do not reflect
how the concentration of these pollutants may change under future climate
scenarios. Concentrations of these and other pollutants, and of salt, may increase
in the future under projected warming scenarios in response to increased
evaporation rates for surface water and increased precipitation intensity that
could wash a greater volume of pollutants from the land surface into the river.
Although urban areas constitute a negligible share of the total Rio Grande
watershed above the Rio Puerco confluence, continued development in the
Albuquerque Metropolitan Area is likely to make a greater quantity of pollutants
available over time to reaches of the Rio Grande downstream of this urban area,
even as flow volumes decline.

5.4 Fish and Wildlife Habitat, Including Species Listed
under the Endangered Species Act
5.4.1 Environmental Flow Targets
The operational modeling performed for this study included a simplified
representation of river flow targets to support the needs of endangered species on
the Rio Grande in New Mexico, as laid out in a 2003 Biological Opinion for water
and flood control operations on the Middle Rio Grande (U.S. Fish and Wildlife
Service [FWS] 2003). These flow targets are specified for at Central Avenue
Bridge in Albuquerque, below the Isleta Diversion Dam (approximately 15 miles
downstream of Central Avenue), and above the San Acacia Diversion Dam
(approximately 67 miles downstream of Central Avenue). Although new
management strategies and a new Biological Opinion are under development,
these flow targets serve as a reasonable example of the requirements for fish and
wildlife, including ESA-listed species.
Figure 52 provides the analysis results for the ensemble of simulations for the
flow deficits occurring at Central Avenue and below Isleta Diversion. The two
locations are combined because only one of the two is ever in effect in a given
year. Compact Articles VI and VII, and thus the Central Avenue targets, are in
effect during the majority of simulation years.
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These deficits rise with time and are most significant in September, when there is
an 8 cfs average deficit in the 2090s, compared to a less than 1 cfs deficit from
1950 through 1999. In the exceedance probability graph (Figure 52, Panel C) the
projections show a deficit in June through September by the 2090s, almost
30 percent of the time, and that 10 percent of the time in the 2090s, this deficit
exceeds 30 cfs averaged over the 4-month summer period. Figure 52 provides the
analysis results for the ensemble of simulations for the target flow deficits above
the San Acacia Diversion Dam. Like the deficits at Central Avenue and below
Isleta Diversion, the San Acacia deficits increase in both likelihood and
magnitude over the next century.
However, the nature of these targets makes them most difficult to meet in June
early in the simulations, and both May and June by the 2090s, when the average
monthly target flow deficit is almost 40 cfs in both months as compared to less
than 5 cfs from 1950 through 1999. The exceedance probability graph (lower left
graph of Figure 47) shows that by the 2090s, there is some target deficit above the
San Acacia Diversion in more than 40 percent of simulated years, and that that
target deficit is greater than 80 cfs averaged from April through July in 20 percent
of years from 2000 through 2099.
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Figure 52.—Projected deficits relative to current (2003) environmental flow targets on the Rio Grande at
Central and the Rio Grande at Isleta (only one of which can occur at a time).
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Figure 53.—Projected deficits relative to current (2003) environmental flow targets on the Rio Grande
above the San Acacia Diversion Dam. There are no targets and thus no deficits from August through
October.
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5.4.2 Bosque Water Stress
The model used for this study, URGSiM, does not expand or contract riparian
vegetative area in response to water availability. For the Base Case Scenario,
which constrains the analysis to examine climate change impacts only, the
riparian area remains the same throughout time for all simulations. However,
the health of the riparian corridor (termed “the Bosque” when referring to the
riparian vegetation along the Rio Grande between Cochiti and Elephant Butte
reservoirs, including the Jemez River) may vary through time depending on water
availability. We use the difference between the potential and actual ET in the
Bosque as an indication of water stress, which would be expected to be inversely
related to the health of the ecosystem, and thus perhaps an indirect indicator of
wildlife habitat quality in the riparian corridor.
Figure 54 provides the analysis results for the ensemble of simulations for the
simulated Bosque water stress, measured as the difference between potential
and actual water consumption, between Cochiti and Elephant Butte reservoirs,
including the Jemez River. The projections show Bosque water stress rising by
almost 40 percent over the course of the next century, from around 90 cfs from
1950 through 1999 (approximately 30 percent of potential) to around 130 cfs by
2090s (approximately 40 percent of potential). In other words, the Bosque goes
from getting about 70 percent of what it could use under ideal circumstances
during the historic period, to getting about 60 percent of what it could use under
ideal circumstances by the 2090s. This decrease in water use as a function of
potential is driven by increasing potential demand and dropping shallow ground
water levels, and would be expected to have negative impacts on the health of the
vegetation in the riparian corridor. This is a result of drops in average shallow
groundwater levels as shown in Figure 54.
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Figure 54.—Projected water stress in the Bosque in the reach between Cochiti and Elephant Butte
Reservoirs, including the Jemez River.
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5.4.3 Fish and Wildlife Habitat
Climate change results in a reduction of water in the Upper Rio Grande system
resulting from decreased supplies coupled with increased demands. This reduction
in water is expected to make environmental flows in the river more difficult to
maintain, and reduce the shallow groundwater available to riparian vegetation.
Both of these impacts have implications on the habitat of fish and wildlife in the
Upper Rio Grande riparian system.
While the inability to meet flow targets is an indirect method to estimate the
impact of climate change on riverine habitat, the results of these indicators are not
ambiguous: there would be less water in the river, and low flow-related biological
requirements would be more difficult to meet. It is possible that the extreme high
flow events which grow in frequency through the runs would create positive
benefit to biological habitat; however that analysis is beyond the ability of the
monthly timestep model used for this study.
In August 2013, the U. S. Forest Service released an assessment of the potential
effects of climate change on terrestrial species living along the Middle
Rio Grande in New Mexico (Friggens et al. 2013). The study team evaluated
117 species of birds, reptiles, amphibians, and mammals and their vulnerability to
such changes as altered timing of precipitation events and river flows, as well
as reduced overall river flows and water availability. The study projected a
decreasing availability of riparian habitat, and loss of mature trees due to fire and
disease, which would directly and indirectly affect many species of birds and
mammals. Most of the species evaluated were projected to experience negative
effects from climate change. However, a few species, such as coyotes, jackrabbits,
some lizards and road runners may benefit from conversion of the bosque to a
more sparsely vegetated and drier habitat.
The interactions between climate and ecological systems are a two-way street.
Climate plays a key role in determining the distribution and biophysical
characteristics of habitats and ecosystems that provide the ecological resources
needed for life. However, climate is not solely driven by atmospheric, oceanic,
and terrestrial physical processes. Biological processes likewise affect climate, as
do human responses to these biological processes. As future climate changes
occur, these dynamic interactions would continue to affect ecological resources
such as flow, water quality and many other ecosystem characteristics that impact
endangered species and other fish and wildlife.
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5.4.4 Listed Species
Species listed under the ESA that have habitat within the Upper Rio Grande
include the:
•
•
•

Rio Grande silvery minnow (Hybognathus amarus; silvery minnow)
Southwestern willow flycatcher (Empidonax traillii extimus; flycatcher)
Pecos sunflower (Helianthus paradoxus, sunflower)

The URGIA only addresses the federally-listed endangered species, but
these species are also listed as endangered under the New Mexico Wildlife
Conservation Act. The historic development of the Upper Rio Grande has had
impacts on these listed species and their habitats, and climate change promises to
exacerbate those impacts, primarily through decrease in streamflows and available
water to support riparian habitat. Each of these species depends in some way on
flood flows and floodplain interconnection. Overbank flow events are projected to
become less common in future years, although an increase in extreme events is
also forecast, which could increase floodplain connection but also have other
consequences. Long periods of lower flows may also increase the process of
channel narrowing, which is decreasing available riverine and riparian habitat.

5.5 Flow- and Water-Dependent Ecological Resilience
The responses of natural systems to progressive changes in climatic conditions are
not linear. Instead, natural systems tend to be stable within a certain degree of
change, as determined by the system’s resilience (or resiliency), and then rapidly
change when the system’s degree of tolerance is exceeded. For this reason,
ecological resilience is a useful concept for understanding the responses of
ecological systems to climate change. The following definitions of ecological
resiliency are generally representative of those in the literature:
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•

The capacity of a system to absorb disturbance and reorganize while
undergoing change so as to retain essentially the same function, structure,
identity, and feedbacks (Folke et al. 2004 and Walker and Meyers 2004).

•

The capacity of an ecological system to absorb internal and/or external
change while exhibiting a similar set of structures and processes
(i.e., remaining within a regime). If an ecological system’s resilience is
“eroded,” the system becomes vulnerable to regime shifts, which involves
the system shifting from one regime to another regime characterized by a
different set of structures and processes. Regime shifts are indicative of
non-linear dynamics, and the weight of evidence suggests that ecological,
and other complex systems exhibit multiple regimes (Benson and
Garmestani 2011).
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Ecological thresholds are transition points in which a small change in a physical
or chemical parameter or a component of a system elicits a large, or non-linear,
response of a natural or social-ecological system. A threshold represents the
endpoint of ecological resilience—the point at which a system switches into a
new paradigm. Avoiding these thresholds is often a key management goal in
climate-change adaptation.
It should be noted that ecosystem resilience is not always desirable. Many
Western ecosystems have been significantly altered and have crossed thresholds
to the point that the current ecosystems may be dominated by non-native species
and processes or may have low biodiversity. These ecosystems may not be
healthy, or hospitable to native plants and animals, but may be highly stable, or
resilient. In such cases, decreasing the ecological resiliency of the system may be
one of the strategies identified to promote ecosystem health.
In the Upper Rio Grande Basin, the available water supply is low relative to the
demand for water. Ecological and human systems within the basin already operate
close to thresholds related to available water supply. In the future, if projected
water supplies decrease and demands increase, water availability thresholds may
be crossed, and key systems may undergo regime shifts. It has been suggested
(Williams et al. 2010), that forests in some parts of New Mexico, such as the
Jemez mountains, may have crossed a threshold. Moisture stress in the trees has
led to bark beetle infestations and fire, and the forest may be undergoing a
transition even now to a new ecosystem, with new structures, processes, and
species.
Many parts of the Upper Rio Grande system are also near thresholds with respect
to snowpack temperatures. In areas where the winter snowpack temperatures are
already close to the freezing point, a small increase in temperature could lead
quickly to a large decrease in the region’s ability to store winter moisture in snow
for use during the summer. To some degree, Reclamation’s storage reservoirs
mitigate for this vulnerability, in that they can store water from winter snows that
melt and make that water available later in the season.
The large swaths of riparian tamarisk (salt cedar) that dominate the Rio Grande
corridor just upstream of Elephant Butte Reservoir and the reservoir delta are
examples of resilient systems that are not considered desirable. Although water
managers may wish to switch this ecosystem into a new paradigm, the system’s
resilience, driven by the tamarisk’s high degree of adaptation to current
conditions, will make this difficult.
These are just a few examples of the resilience and vulnerabilities of waterdependent systems in the Upper Rio Grande. Evaluation of potential adaptation
and mitigation strategies to respond to the hydrologic impacts of climate change
in this basin, as will be done in future basin studies, will require a more detailed
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analysis of the key thresholds associated with social-ecological systems in
the basin. It is likely that, in the Rio Grande system, adaptation will involve
management of transitions into new State’s for social-ecological systems, rather
than simply building of resilience to the old states.

5.6 Recreation
The Upper Rio Grande Basin offers a number of water-dependent recreational
activities, which are likely to be affected by climatic changes that affect the
system hydrology. These activities include:
•

Fishing along the Conejos River and Rio Grande in Colorado, along the
Rio Grande between Taos Junction Bridge and Embudo in New Mexico,
and in Heron, El Vado, Abiquiu, Elephant Butte, and Caballo reservoirs

•

Camping along the Rio Grande in Colorado and New Mexico, including
below Taos Junction Bridge, along the Rio Chama above Abiquiu
Reservoir, and at Heron, El Vado, Abiquiu and Elephant Butte Reservoirs

•

White-water boating along the Rio Grande above Embudo, and between
El Vado and Abiquiu reservoirs on the Rio Chama

•

Flat water boating in Heron, El Vado, Abiquiu, Cochiti, Elephant Butte
and Caballo reservoirs

Increased summer and winter temperatures may increase the popularity of these
water-based activities. Moreover, reduced supplies, altered timing of flows, and
increased variability will change the availability and nature of these recreational
opportunities.
5.6.1 Recreation at Reclamation and U.S. Army Corps of Engineers’
Reservoirs
Water level fluctuations at reservoirs affect recreation use and economic value in
a variety of ways through changes in water depth and surface acreage. (Platt,
Bureau of Reclamation 2000) Extended periods of low reservoir levels at Heron,
El Vado, Elephant Butte, and Caballo reservoirs may affect overall visitor
numbers and the revenue stream to New Mexico State Parks, the managing entity
for those reservoirs. Changes in usage during the most recent drought (2011
through 2013 thus far), may shed light on how the usage may changes under the
projected conditions. Elephant Butte Reservoir, the largest park in the state park
system and the most popular destination for boaters, experienced a decline of
more than 100,000 visitors during the drought year 2012 compared to reported
visitor numbers for 2009, 2010, and 2011. Reported visitation at the USACE’s
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reservoirs, Abiquiu Lake and Cochiti Lake, also generally declined between the
pre-drought year 2009 and the drought year 2012, with exceptions of an increase
at Cochiti in 2010 and an increase at Abiquiu during 2011. Revenues at both
reservoirs declined accordingly (USACE reservoir visitation and revenue records,
May 2013).
Water-based recreation is also susceptible to impacts of cascading changes, such
as from debris flows caused by rainstorms over fire scars. For example, Cochiti
Lake experienced a drastic decline in visitation during 2011 due to an extended
closure, which resulted from large debris flows and the threat of flooding in the
aftermath of the Las Conchas Wildfire in the Jemez Mountains. Such impacts
may become more common as the climate changes to a hotter and drier one.
5.6.2 Whitewater Rafting and Fishing
New Mexico has two very attractive recreational tourism assets in its National
Wild and Scenic Rivers, the Rio Grande and Rio Chama. Figure 55 provides the
analysis results for the ensemble of simulations for projected river flow for two
prime locations for whitewater rafting and kayaking within these reaches, the
Rio Grande near Embudo (the downstream end of the Rio Grande Gorge and
Rio Grande del Norte National Monument) and the Rio Chama below El Vado
(the Wild and Scenic reach of the Rio Chama). River flows in these reaches are
projected to decline overall, but those low flows are punctuated by more frequent
extreme flow events. Thus, the quality of white-water boating opportunities over
the next century on these two rivers would decrease, punctuated by occasional
flows which may appeal to highly skilled boaters.
The impact of low streamflows is highly influential in net business performance
for the state’s whitewater boating industry (Harris, Personal Communication,
2013), with an obvious correlation between low flows and reduced revenues. The
industry’s overall revenue pattern during the current drought has been steadily
downward. While no business failures have occurred yet, several companies are
concerned about their increasing levels of debt and decreasing ability to retain
employees.
The following are desired flow levels for whitewater rafting in popular runs on
the Upper Rio Grande (Harris, Personal Communication, 2013):
•

Above 600 cfs for the most desirable trip, the Class 4 Taos Box, (this
reach is unnavigable below 600 cfs)

•

Above 200 cfs for the half-day Pilar Racecourse

.
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Figure 55.—Projected annual flows for all model runs and projected monthly average
flows by period for the Rio Grande at Embudo, and the Rio Chama below El Vado.
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•

Above 300 cfs for the multi-day wilderness trip on the Rio

•

Above 400 cfs for the one-day Lower Rio Chama trip (the “Monestary
Run”)

In 2013, outfitters holding permits for both the Rio Grande and Chama were able
to shunt business from the very low Rio Grande to the regulated, thus higher flow,
Rio Chama. Outfitters who did not have Chama permits and thus no convenient
fall-back offering reported 50 percent reduction in revenues compared with 2012
(Harris, Personal Communication, 2013).
Fishing outfitters and guides report a steadier business performance than boating
operators, but most cite long-term concern with flow related population trends
that could affect their target species, thus their business.
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6.

Summary and Next Steps

6.1 Summary of Findings
Reclamation developed hydrologic projections for the Upper Rio Grande Basin
over the next century, based on the modeled climate projections described in
Chapter 3. The water operations modeling for the Upper Rio Grande Basin using
these hydrologic projections as input (presented in Chapter 4) paints a picture of a
changing hydrology for the Upper Rio Grande Basin.
The analysis presented in this report attempts to project the impacts of climate
change alone on the water supply and demand within the Upper Rio Grande
Basin, rather than predict what the future would look like in this basin. The future
will depend on numerous societal choices. The hydrologic changes that are
projected to result from climate change in the Upper Rio Grande Basin would be
compounded by the numerous other changes we will make to our landscape and
our water supply and distribution.
6.1.1 Impact Assessment: Climate and Basin Hydrology
An analysis of gage records showed a warming trend in the Upper Rio Grande
Basin over the past four decades. Average temperatures increased by almost 0.7°F
per decade, resulting in a total average warming since 1971 of over 2.5°F. Based
on modeled climate-change projections for temperatures in the Upper Rio Grande
Basin will rise an additional four to six °F by the end of the 21st century. Model
simulations did not, however, consistently project changes in annual average
precipitation, although they did project changes to the timing, form (i.e., rain or
snow), and spatial distribution of that precipitation. Also, increases in temperature
alone could significantly decrease the available water in the basin, due to
increases in evaporation and water use by plants (i.e., evapotranspiration).
The projections presented in the Upper Rio Grande Impact Assessment present a
picture of changing hydrology for the Upper Rio Grande, with implications for
water management, human infrastructure, and ecosystems. Although there are
uncertainties in the details, some general patterns are clear. This section presents a
discussion of possible implications of those general patterns.
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Decreases in water availability.
• Our usable, manageable water supply is projected to decline. The URGIA
models along with projections from previous studies indicate a loss of
winter snowpack and an increase in evaporation and water use by plants,
which would result in a decrease in available water supply. Simulated
average supplies of all native sources to the Upper Rio Grande Basin
would decrease on average by about one third, while flows in the
tributaries which supply the imported water of the San Juan-Chama
Project would decrease by about one quarter.
A decrease in the storage of water supply as snow decreases the amounts
available for use during the irrigation season/summertime. There would
also be an increase in all outside demands (including agricultural,
riparian, and urban landscaping) due solely to the projected increases in
temperature. The decrease in water supply would be exacerbated by the
increase in demand; the gap between supply and demand will grow even
if there are no decreases in precipitation.
The growing imbalance between supply and demand would likely lead to
a greater reliance on non-renewable groundwater resources. Increased
reliance on groundwater resources will lead to greater losses from the
river into the groundwater system.
• Changes in the timing and spatial distribution of flows. The seasonality
of flows changes dramatically for the Colorado headwater flows, the
Chama and Jemez flows, and the San Juan-Chama Project tributary flows.
There would also be changes in the geographic distribution and timing of
runoff. Although the projections here do not portray it, other studies
(for example Asmerom et al. 2013) have indicated some potential for
strengthening of the summer monsoon, and therefore for an increase in
the portion of the basin’s precipitation that falls in the summertime.
These flows are downstream of our current ability to store that water. The
projections suggest a somewhat more reliable supply from the San JuanChama Project (as long as there is no across-the-board decrease in
available supply in the Upper Colorado River system) than for the native
Rio Grande supply.
• Increases in the variability of flow. In all cases the projections show an
increase in variability in meteorological conditions (temperature and
precipitation) and in runoff volume from month to month and year to year
as the simulations progress.
Water operations modeling for the Upper Rio Grande Basin using these
hydrologic projections as input suggests that increasing water demands within the
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basin will exacerbate the gap between supply and demand. Such changes would
lead to water management challenges for Reclamation and other water managers
within the Upper Rio Grande Basin.
Feedbacks can lead to cascading impacts. For example, more intense droughts and
higher temperatures recently led to a greater moisture deficit in the region’s
forests in New Mexico. Trees that aren’t getting enough water are more
susceptible to beetle infestations, and infected weakened and dead trees are more
susceptible to catastrophic wildfires. Thunderstorms tend to build over fire scars
because heat builds up over the blackened ground, and intense thunderstorms on
the fires scars lead to the washing of ash into rivers, and to debris flows. Ash in
the rivers can lead to decreased oxygen in the water and cause fish kills. Debris
flows can lead to sediment accumulation in our reservoirs, and sediment
accumulation in our reservoirs can lead to less flood protection for downstream
human infrastructure, and so on.
6.1.2 Water Management Implications
This URGIA analysis presents projected impacts to Upper Rio Grande Basin in
terms of the parameters defined in the SWA as discussed in Chapter 5. The
URGIA analysis showed the following results:
•

Water Infrastructure and Operations, and Water Delivery. The
reduced surface-water inflows to the Upper Rio Grande Basin, coupled
with increased irrigated agricultural and riparian vegetation demands,
would result in decreased reservoir storage throughout the system, with
commensurate decreases to water delivery.

•

Hydropower Generation. Lower flows and lower reservoir levels
associated with climate change are projected to lead to less hydropower
generation. The projected decrease is substantial. From an initial
generation within the Upper Rio Grande system of around 15 megawatts,
the rate would drop to almost 50 percent to around 8 megawatts by the end
of the century, with most of the decrease occurring from May through
September.

•

Flood Control Operations. Extreme flows are projected to become even
more extreme and more frequent with climate change, and thus flood
control operations would be needed more often in the future, and would
need to mitigate for even larger floods.

•

Water Quality. Concentrations of nitrogen, phosphorus, suspended
solids, and salt in surface waters throughout the system are projected to
increase in the future due to higher evaporation rates for surface water. In
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addition, runoff from the projected higher intensity precipitation may
wash a greater volume of pollutants into the river, despite a decreased
overall flow volume.
•

Fish and Wildlife Habitat, Including Endangered Species Act (ESA)
Listed Species and Critical Habitat. Climate change is projected to
reduce available water in the Upper Rio Grande Basin. This reduction in
water is expected to make environmental flows in the river more difficult
to maintain, and reduce the shallow groundwater available to riparian
vegetation. Both of these impacts could alter habitat conditions for fish
and wildlife in the Upper Rio Grande Basin riverine and riparian
ecosystems.

•

Flow and Water-Dependent Ecological Resiliency. Ecological and
human systems within the basin already operate close to thresholds
(i.e., points at which small changes could have larger-scale repercussions)
related to available water supply. It is possible that some systems in the
basin have already undergone regime shifts. In the future, as projected
water supplies decrease and demands increase, water-availability
thresholds may be crossed, and key systems may change their basic
structure and function.

•

Recreation. Water-based recreation at Reclamation and USACE
reservoirs, and river-based recreation, including whitewater rafting and
fishing, may be negatively impacted by the projected decreases in flows.

•

The Rio Grande Compact. Analyses presented in this report assume that
Colorado would use its ability for priority administration to assure its
obligations are met under the Rio Grande Compact. However, the
irrigation system would be significantly impacted. It is assumed that
New Mexico would take additional management actions to meet its
obligations; therefore, under the Compact Compliance Scenario, water
availability to the Rio Grande Project would not be affected by delivery
shortages.

6.2 Next Steps
6.2.1 Operational Modeling
Methods and tools for projecting the impacts of climate change are constantly
being developed and refined. The projections and analysis presented in this report
represents a solid first step in the assessment of potential impacts in the Upper
Rio Grande Basin, based on the best science and tools available at the time of
initiation of the study. However, as our understanding is improved of the way
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atmospheric, oceanic, and ecological processes are changing, and how feedbacks
either mitigate or exacerbate these changes, our models will be refined, and our
ability to project changes will be improved. It is therefore hoped that this study
represents the first of a number of steps that Reclamation takes, in cooperation
with its local partners, to project the water management challenges of our
future.
Efforts are currently underway to perform operational modeling of climate
projections for the Upper Rio Grande on a daily timestep, using the Upper
Rio Grande Water Operations Model (URGWOM). Such daily-timestep
projections can provide information on the ways that the projected impacts would
be experienced by humans, fish, and wildlife on the timescale at which we all
experience our river system, on a daily basis.
In addition, it is hoped that future analyses can be performed using the CMIP5
suite of GCM simulations that is associated with the most recent efforts of the
IPCC.
6.2.2 WaterSMART Basin Study Program Activities
As mentioned in section 1.4, this WaterSMART West-Wide Climate
Risk Assessment (WWCRA) Impact Assessment establishes a baseline
characterization of how climate change may impact water supply, demand
and key water-management activities, as called for in the SWA. This Impact
Assessment allows Reclamation to fulfill requirements under the SWA to better
understand how its facilities, operations and water delivery commitments to its
customers may be affected by climate change. To accomplish these objectives,
Reclamation has assessed the potential impacts of climate change alone, without
attempting to project what future development or management actions may be,
including how population may change, how power generation may evolve, or how
land use, including the amount and type of irrigated agriculture, may change.
While factors such as these would undoubtedly be affected by climate change,
these factors are also changing due to societal and economic pressures that are
independent of climate change.
Some WaterSMART Basin Study Program activities are available for
stakeholders to pursue next steps:
•

Basin Studies. Fully understanding risks and impacts of climate change
will require a study team to evaluate not just the direct impacts of climate
change, as projected in this study, but the secondary impacts that result
from human responses to these changes, and the other developments that
will go on with or without climate change. These other changes will need
to be evaluated through a collaborative process that includes all of the
necessary stakeholders in a basin. Reclamation’s Basin Study Program has
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been developed to provide a framework for this collaborative process, and
includes various options for stakeholders to build upon the results from a
WWCRA Impact Assessment.
The Basin Studies are in-depth, water supply, demand and operations
analyses that are cost-shared with stakeholders and selected through a
competitive process. Through the Basin Studies, Reclamation works
collaboratively with stakeholders to evaluate the ability to meet future
water demands in a particular basin and to identify mitigation and
adaptation strategies to address potential climate change impacts.
More information about Basin Studies is available at
<http://www.usbr.gov/WaterSMART/bsp/>.
•

Landscape Conservation Cooperatives. In addition to the WWCRA
Impact Assessments and the Basin Studies, the Basin Studies Program
includes Landscape Conservation Cooperatives (LCCs). The LCCs are
partnerships of governmental (Federal, State, Tribal and local) and nongovernmental entities, and are an important part of the Department of the
Interior’s efforts to coordinate climate-change science activities and
resource management strategies. The Desert and Southern Rockies LCCs
span the upper and lower Colorado River Basin and, together, include
portions of Arizona, California, Colorado, Nevada, New Mexico, Utah,
and Texas. Reclamation participates in LCCs encompassing the 17
Western states and is co-leading the Desert and Southern Rockies LCCs
with the FWS to identify, build capacity for, and implement shared
applied science activities to support resource management at the landscape
scale. See <http://www.usbr.gov/WaterSMART/lcc/> for more
information.

Reclamation is adding new activities to the Basin Studies Program that will
provide stakeholders more opportunities to further refine adaptation strategies
developed in Basin Studies. All of the existing and proposed activities within the
Basin Study Program are complementary and represent a multi-faceted approach
to the assessment of climate change risks to water supplies and impacts to
activities in Reclamation’s mission, as well as the identification of adaptation
strategies to meet future water demands.
Currently, Reclamation is working on Basin Studies with the city and county
of Santa Fe on the Rio Grande headwaters, the Santa Fe Watershed, and the
San Juan-Chama Project and with the New Mexico Interstate Stream Commission
on the Pecos River Basin. Reclamation is very much interested in partnering
with other entities in the Upper Rio Grande. Please contact Reclamation’s
Albuquerque Area Office if you are interested in partnering with Reclamation
on a Basin Study within the Upper Rio Grande Basin.
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